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An Investigation of quasi-static and dynamic properties of Sn-37Pb solder and two lead-
free solder materials, Sn-3.5Ag and Sn-3.8Ag-0.7Cu was carried out using the split 
Hopkinson pressure bar (SHPB).  Each solder was cast at three different cooling rates 
(slow cooling, moderate cooling and quench cooling) to understand how microstructure 
and material response change with the variation of rate of solidification of these solders.  
A Finite Element analysis software simulation of the SHPB experiments on single balls 
was performed using the bulk dynamic material properties to assess how well the bulk 
material response obtained in experiments represents actual solder deformation. 
 
All dynamically deformed materials show a distinct increase in yield strength and flow 
stress as compared to their quasi-static properties.  Sn-37Pb solder shows consistent 
increase in flow stress as strain rate increases for all cooling rates.  Whereas Sn-3.5Ag 
solder generally displays negative strain rate sensitivity with the exception of moderately 
cooled specimens.  Sn-3.8Ag-0.7Cu solder formed via slow cooling shows positive strain 
rate sensitivity whereas those formed by faster cooling rates have no strain rate 
dependence.       
 
Finite element simulation results obtained using purely quasi-static properties show 
significant under-estimation of the strength of solder ball under high deformation rate.  
Simulations using both dynamic and quasi-static material of solder demonstrate better 
reflection of solder ball response in SHPB experiments.     
vi 
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1. Introduction 
CHAPTER 1  INTRODUCTION 
1.1 Dynamic Property of Solder 
The advancement of the portable electronics industry in the past ten to fifteen years has 
been nothing short of astounding.  In the past, it would be unimaginable to have portable 
telephones, computers of the present size, functions and capabilities.  Processing power 
that once required a whole room to house can now fit onto the palm of your hand.  
Greater portability also means that electronic devices are more prone to experiencing 
severe physical shock than before.  Consumer electronic devices for example experience 
such physical shocks when they are being dropped or struck.  The US Air Force estimates 
that vibration and shock causes 20 percent of the mechanical failures in airborne 
electronics [1]. 
 
The increasing global demand for both miniaturization and multi-functionality of 
electronic devices has encouraged the development of Surface Mount Technology (SMT) 
to replace of the less space efficient Through-Hole-Technology (THT) (both being 
methods of using solder as interconnects to attach integrated circuit packages onto printed 
circuit-boards). 
 
With Chip Scale Packaging (CSP) and Ball Grid Array (BGA, a form of SMT) both 
developing rapidly, the size of and pitch between interconnects has also shrunk.  
As a result solder interconnects play a more significant role in providing physical 
support.  Zhu [2] found that an impact induced BGA (solder interconnects) crack is the 
most dominant cause of failure in a portable phone drop and tumble verification test. 
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As equipment in warfare and our everyday life become more dependent on electronics, 
research in the dynamic (high strain rate) response of solder interconnects to make these 
electronic devices more robust becomes more salient.    
   
1.2 Lead-Free Solder 
For more than 50 years, tin-lead (Sn-Pb) solder has been used almost exclusively 
throughout the world in the electronics industry to attach electronic components onto the 
printed circuit boards (PCBs).  However, there have been concerns of the hazardous 
effects of lead on the environment.  Once the electronic devices are discarded, the fear is 
that the lead will find its way into the garbage and landfill.  From there it can leach into 
the water supply and contaminate it.  Although industrial scrap is normally recycled, 
consumer waste cannot be controlled [3].  Thus, in June 2000, after five years of 
consultations and documented drafts, the European Union (EU) penned the following 
three legislations to minimize lead usage, and thus, promote the use of lead-free solder 
[4]: 
 
1. WEEE (Waste from Electrical and Electronic Equipment) – primarily concerned 
with aspects of the end-of-life of electronic equipments to minimize waste and 
maximize recycling. 
2. RoHS (Restriction of Hazardous Substance) – restrictions on the use of certain 
hazardous substances in electrical and electronic equipment. i.e. to ban certain 
hazardous materials such as lead. 
2 
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3. EEE (Environment of Electrical and Electronic Equipment Directive) – concerned 
with minimizing overall environmental impact by paying attention to aspects of 
design and manufacture, without banning materials. 
 
The directives were adopted by the member states in December 2002 and RoHS will be 
enforced in July 1, 2006.   
 
The EU is not alone in this campaign.  In Japan, although no impending legislation on 
material ban exists, public preference for “green” products is the incentive for going lead-
free.  Big brands such as NEC, Hitachi, and Sony were already marketing some lead -free 
products since 2000 [4].  Hitachi, Sony, Fujitsu and Matsushita have turned lead-free 
since 2002.  In the United States of America, the National Electronics Manufacturing 
Initiative (NEMI) have held “Lead-Free Initiative Meetings” since 1999.   
 
In summary, consolidated efforts have been promising, as Dr Brian Richards from the 
National Physical Laboratory has put it, “The inevitable conclusion is that the transition 
to lead-free soldering is underway and will accelerate over the next few years” [4]. Thus, 
research on the behaviour of lead-free solder will make important contributions towards a 








The objectives of this research are: 
 To investigate the quasi-static and dynamic properties of three types of solder 
material (e.g. Sn-37Pb, Sn-3.5Ag, Sn-3.8Ag-0.7Cu), each cast at three different 
cooling rates, to give three different types of microstructure, and   
 
 To find the type of bulk solder which best represents virgin solder balls (solder 
balls before reflow) by comparing their microstructure and material response and 
predict the type of solder that will best represent solder ball material after reflow. 
 
1.4 Scope 
Bulk solder specimens are produced from three different cooling rates per composition.  
The microstructure of each of the specimens will be examined to find the best match with 
microstructure of virgin and reflowed solder balls. 
 
Quasi-static and dynamic (high-strain rate) compression tests are performed on both bulk 
solder and virgin solder balls.  The obtained bulk material behaviour (quasi-static and 
dynamic) will be fed to finite element simulations of the Split Hopkinson Pressure Bar 
experiments on a single solder ball.  Subsequently, the simulation outcome will be 
compared with experimental results to find the type of bulk solders which best represents 





A summary of the scope of this project is shown in table 1.1 below. 
































2. Literature Review 
CHAPTER 2  LITERATURE REVIEW 
2.1 Solder Materials 
After 50 years of using SnPb solder by the electronics industry, the first step towards 
removing lead-containing solder is to the find a suitable replacement.  Many 
organizations from Europe (IDEALS, ITRI), USA (NEMI), and Japan (JEITA) have been 
doing research and have set up consulting agencies such as the National Institute of 
Standards and Technology (NIST, Gaithersburg, MD), International Tin Research 
Institute (ITRI, Uxbridge, England) and National Physical Laboratory (NPL, UK) to look 
for the best lead-free replacement for eutectic Sn-37Pb solder.  Several solder 
compositions were short-listed by these institutions and organizations.  With reference to 
their findings, two lead-free solders (one binary, Sn-3.5Ag and one ternary, Sn-3.8Ag-
0.7Cu) and one lead-containing solder (eutectic Sn-37Pb) were selected for the purpose 
of this research.  Eutectic Sn-37Pb solder was chosen as a benchmark to compare with 
the two other lead-free solders.  SnAgCu solder is chosen since it seems to be the most 
anticipated lead-free solder to take over SnPb.  The other lead-free solder chosen is the 
SnAg.  It is chosen due to its history of usage in the industry and could be a possible 
alternative to SnAgCu solder.   
 
Sn-Ag-Cu (Tin-Silver-Copper) close eutectic ternary solder is the most promising and 
popular choice among many institutions [4, 5, 6]. The large volume telecommunication 
industry has targeted this alloy [4]. Sn-3.8Ag-0.7Cu solder was identified by the 
European IDEALS consortium as the best lead-free alloy for reflow due to its baseline 
advantages of reduced melting temperature (as compared to Sn-3.5Ag) and additional 
6 
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strengthening phase. It is also reported to have reliability equivalent to, if not better than 
that of SnPb and SnPbAg solders [5]. 
 
The Tin-Silver (Sn3.5Ag) solder is another lead-free solder that is believed to have high 
potential [5] along with others such as SnCu and SnAgBi [6].  Sn-3.5Ag solder is said to 
have good fatigue resistance and overall good joint strength [7].  With one of the longest 
history of use as a lead-free alloy, it also has good mechanical properties and better 
solderability than SnCu.  Ford (Visteon Automotive Systems) has reported using 
Sn3.5Ag solder successfully in production (module assembly) for wave soldering since 
1989 [5].  This is due to its higher melting temperature (221oC) as compared to the Tin-
lead solder (183 oC).  SnAg has been used for many years in certain electronic 
applications [6] and thermal fatigue testing of the alloy has often shown it to be more 
reliable than SnPb solder. 
 
Table 2.1 shows some of the properties of each of the three solders.  Phase diagrams of 
each composition are attached in appendix A.   
 
Table 2.1 Properties of Each Selected Solder Composition
Solder Composition Density (kg/m3) Melting Point (oC) 
Sn-37Pb 8400 183 
Sn-3.5Ag 7360 221 
Sn-3.8Ag-0.7Cu 7400 217 
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2.2 Dynamic Material Properties of Solder 
There has been many research on solder interconnects that focus on different aspects of 
solder properties in the past decade. The emphasis is on the more dominant areas such as: 
• Product level tests [8, 9] 
• Board level tests and simulation involving  
 Drop-tests [10, 11, 12], and  
 Bending tests [13, 14] 
• Thermo-mechanical effects [12, 15, 16] 
• Tensile, low strain rate properties [16, 17, 18] 
• Creep and stress relaxation [19, 20, 21, 22] 
• Vibration [1, 23] 
• Microstructure [20, 21, 24] 
 
In recent years, there has been rising interest and emphasis on board level and product 
level drop tests due to increased awareness and major concern of possible failure caused 
by drop impact of portable electronic devices.  The ultimate aim is to be able to predict 
the behaviour and response of electronic devices when subjected to such loads so as to 






2. Literature Review 
Experimental and finite element analysis has been employed in many research projects to 
understand the effects of product level [8] and board level drop impact [10, 11, 12].  
However, most of the simulations performed in these researches used only quasi-static 
properties [11, 12] of solder even though during impact, the materials in the electronic 
devices might behave differently than when loaded under quasi-static conditions.   
 
Research concerning solder deformation with varying strain rates is not new.  However, 
experiments have always been conducted at relatively low strain rates.  There have been 
several reports on the range of strain rates solder interconnects experienced during drop 
experiments - 1x10-5 to 1x10-3 s-1 by Wei. et. al.[16],  2.66 x10-5 to 1.33 x10-2 s-1 by 
Grivas et. al. [17] and 1 x 10-5 to 0.1 s-1 by Nose et. al.[18] 
 
Although the above areas of research are useful in the modelling of solder interconnects, 
most of them might be damaged due to impact.  During drop impact scenarios, solder 
joints experience deformation at high strain rates, consequently, high strain rate response 
of solder material might be needed to perform a more accurate simulation of the drop. 
 
Geng [13] concluded that solder joint failure is dependent on strain rate, and that at high 
strain rates, solder joint fails at lower board deflection.  The report also agrees that 
traditional quasi-static bending experiments are not sufficient to quantify solder joint 
failure and those that may result from solder joint failure under shock loading. 
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As a result, a better understanding of dynamic response of solder material is crucial.  
However, we are only aware of a handful of papers [25, 26] on experimental research of 
high strain-rate behaviour of solder material, and only Siviour et. al. [26] has researched 
on lead-free solders.  Therefore, in this project, research will be done to investigate the 
dynamic (high strain-rate) response of solders so as to obtain a more complete 
understanding of their dynamic behaviour and to predict the response and reliability of 
electronic devices to impact. 
  
2.3 Split Hopkinson Pressure Bar Experiment (SHPB) 
The compressive SHPB [27] experimental setup is used in this project to determine the 
dynamic response of solder specimens.  The idea of using two Hopkinson bars to 
measure dynamic properties of materials in compression were developed by Taylor [28], 
Volterra [29] and Kolsky [30].  A cylindrical specimen (with diameter smaller than the 
Hopkinson bar) is sandwiched between two long circular bars (Hopkinson Bars).  A 
striker bar is propelled towards the incident bar to create a stress pulse in the incident bar.  










Fig. 2.1 Schematic diagram of a compressive Split Hopkinson Pressure Bar (SHPB) setup  
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Strain gauges mounted on the two bars are used to measure the incident, reflected and 
transmitted strain waves that pass through the bars (εi, εr, εt).  Using these strain readings, 
the stress and strain response of the specimen can be calculated using the following 
equations [30, 31]; 
 
Elastic wave velocity in Hopkinson Bar, 
ρ
EC =0          (2.1) 








2 εε         (2.2) 




AE εσ =         (2.3) 





c εε 2. −=         (2.4) 
 
where 
E : Young’s Modulus of Hopkinson Bar  
A : Cross sectional area of Hopkinson Bars 
As : Cross Sectional Area of specimen 
L : Length of specimen 
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Although this might appear to be a seemingly simple test, there are several key 
difficulties involved. The role of friction (between specimen and Hopkinson bar) is a 
significant cause of deviation from the assumption of uniaxial and homogenous stress 
within the specimen.  Researchers, using various aspect ratios or different lubricant types 
[25, 30, 31] and polished specimen surface [32], have proven that smooth surface 
condition and lubrication of the specimens are essential to minimizing this deviation. 
 
Apart from friction, specimen inertia (size of the specimen) and accurate alignment of the 
apparatus is also very important to achieving reliable results.  Specimen inertia is 
important because as the rate of deformation increases, so does the force required 
accelerating material.  If the magnitude of this inertia force is significant compared to the 
load on the specimen, then deformation will not longer be uniform.  For large or dense 
specimens, inertia stresses become significant even at relatively modest strain rates.  
However, inertial error can be reduced to negligible level, even at high strain rate, if the 
dimensions of the specimens are reduced accordingly [33].   Accurate alignment of the 
apparatus is important to obtaining one-dimensional wave propagation as much as 
possible.  This is to fulfil the fundamental assumption of the SHPB, thus minimizing 
oscillations of the signals recorded by the strain gauges mounted on the Hopkinson bars.  
An elaborate list of references pertaining to the study of the SHPB can also be found in a 
review by Field et. al. [34].   
 
Wang et. al. [25] and Siviour et. al. [26] obtained strain-rates reaching up to a maximum 
of 3000s-1 from SHPB experiments on solder material.  However, numerical simulation 
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by Ong [35] shows that certain parts of the solder balls will experience higher strain rates 
- close to 10,000s-1 when the solder balls are compressed at a deformation rate of 
approximately 5m/s.  Thus, different striker bar velocities ranging from 5 m/s to 15 m/s 
were used in this research with the different specimen lengths to attain strain-rates 
ranging from 102-104s-1. 
 
2.4 Solder Microstructure 
The microstructure of a material describes the constitution of that material down to the 
atomic level.  They are important in the research of material response because they 
provide a link between mechanical behaviour and physical structure of the material.   
 
Not many research on the microstructures of solder material specifically state and show 
micrographs of solder grains and their grain boundaries.  Most researches on 
microstructure of solder focus on the size of different phases (e.g. tin-rich and lead-rich 
phases in SnPb solder) in the solder rather than grain sizes.  It has also been mentioned 
[36] that some published work on solder microstructures considers diameter of Sn or Pb 
phases as the grain size.  However, the phase diameter is not the diameter of the grain.  
By definition, a grain refers to an element of a material within which a single 
crystallography exists.  In an eutectic structure, many individual phase regions may, in 
fact, constitute a single eutectic grain.  Description of an eutectic microstructure is not 
straightforward.  Especially in solder (unlike single-phase material), individual grains are 
not readily apparent.   
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In comparison, phase diagrams of SnAg and SnAgCu  (refer to Appendix A) appear to be 
much more complex than that of SnPb solder.  As a result, it would be a greater challenge 
to understand the microstructural behaviour of SnAg and SnAgCu as compared to the 
simpler SnPb solder.  Unlike SnPb solder which has relatively clear definition of Sn-rich 
and Pb-rich areas (Appendix C-1), the SnAg and SnAgCu solders have complex 
intermetallics such as Ag3Sn and Cu5Sn6.  Wiese et. al. [20] attributed the small 
precipitates of these intermetallics that are finely dispersed in the β–Sn matrix to the 
reason for the high level of creep resistance that were found in Sn-3.5Ag and Sn-4Ag-
0.5Cu (as compared to Sn-37Pb solder). 
 
In SnPb solder, Sn and Pb solidify in a simple eutectic system with limited miscibility.  
This leads to a solid solution strengthened by Sn and Pb mixed crystals that have 
relatively very similar deformation resistance.  In contrast, the bi-material system Sn and 
Ag or Sn and Cu solidifies in a complex system forming various intermediate phases.  
The two most significant intermetallics are Ag3Sn and Cu6Sn5.  The deformation 
resistance of Ag3Sn and Cu6Sn5 are much higher than that of the β–Sn matrix, thus Ag3Sn 
and Cu6Sn5 phases forming hard particles in the inherently soft β–Sn matrix. These 
particles can slow down or even arrest mobile dislocations [21].    
 
The ambient-temperature shear strength of the joints made from Sn-Ag-Cu solders is 
suggested [37, 38] to be weakened by Sn dendrites in the joint microstructure, especially 
by the coarse Sn dendrites in solute poor SnAgCu.  Anderson [38] suggests that optical 
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microscopy produce better micrographs as compared to the SEM in terms of revealing β-
Sn dendrites structures. 
 
In SnAgCu solder, Chen et. al. [39] noted that binary and ternary eutectic are dispersed at 
the boundary of these tin-dendrites, including some large Ag3Sn and Cu6Sn5 inter-
metallic compounds.     It is suggested that Cu6Sn5 was found in the middle of the 
dendrites, thus, possibly behaving as a heterogeneous nucleation site for the β-Sn 
dendrites. 
 
In his review of recently published papers on SnAgCu lead-free solder materials by six 
different authors, Syed [40] noted great variation in the reported Young’s modulus of 
solder - 10 GPa to 50 GPa.  This shows that there is no agreement on the properties of 
lead-free solder. Thus, much more work needs to be done.       
 
Solder, being used at high homologous temperatures, is subjected to creep most of the 
time.  The three basic mechanisms that contribute to creep in metals are grain boundary 
sliding, dislocation slip and climb and diffusional flow.  It has been reported by Mavoori 
et. al. [22] that grain boundary sliding and dislocation glide and climb are most active in 
solder. Wiese and Meusel [20] reported that at room temperature, Sn-37Pb and Sn-3.5Ag 
solders show nearly same absolute creep rate at stresses beyond 15 MPa whereas 
SnAgCu solder only reaches that level of creep above 40 MPa.  The SnAgCu solder 
showing significantly higher creep resistance is suggested to be the effect of η-Cu6Sn5 
precipitates. 
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CHAPTER 3 MICROSTRUCTURE OF SOLDER 
SPECIMENS  
In the present work, the different microstructure of bulk solder specimens resulting from 
different cooling rates was studied and compared for each of the three materials (Sn-
37Pb, Sn-3.5Ag and Sn-3.8Ag-0.7Cu).  The microstructures of commercially available 
0.76 mm diameter solder balls before and after re-flow are also studied.  A comparison 
between bulk solder and solder balls were made to determine which cooling rate (at 
which bulk solder was cast) produces microstructure most similar to that of solder balls 
before and after re-flow.  
 
3.1 Specimen Preparation 
3.1.1 Casting 
In the first phase of casting bulk solder specimens, flux-free solder wires were cut into 
lengths of 20-30mm and then placed in a glass evaporating dish and heated up to their 
melting temperature using a butane gas burner.  The semi-molten solder was stirred using 
a glass rod to facilitate even melting until it became liquid.  The temperature of the 
molten solder was measured using a non-contact/real time thermometer.  The molten 
solder was then poured into pre-heated Pyrex test tubes of 12mm diameter and heated 
again to facilitate even distribution of the molten solder throughout.  The test tubes were 
pre-heated to remove moisture from the air in the tube.  This prevents bubbles of air from 
forming at the surface of contact between the solder and the test-tube. 
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Glass was used, as recommended by Siviour et. al. [26], to contain and cast the solder 
because it is least likely to contaminate the solder material.  Pyrex® borosilicate test tubes 
were used instead of normal commercial glass because of its lower coefficient of thermal 
expansion (higher thermal resistance).  Pyrex glass is stronger and more durable against 
thermal shock and thus would not result in failure as a result of sudden cooling and 
heating. 
 
In the second phase, the molten solder was resolidified / recrystalized in the test tube at 
three different cooling rates, approximately 0.1 oC/s (designated as SC, Slow Cooled), 2 
oC/s (MC, Moderately Cooled), and 70 oC/s (QC, Quench Cooled).   
 
Due to the large diameter of the as-cast specimens (9-11mm), there is a high possibility 
that the cooling rate of the cast solder at the surface will differ from the centre.  However, 
the solder microstructure resulting from three different cooling rates are significantly 




3. Microstructure of Solder Specimens 









0.1 oC/s • Test tube of molten solder was placed in insulated 
cooling chamber and cooled at ambient temperature 
• Temperature was lowered from 250 oC to 40 oC 




2 oC/s • Test tube of molten solder was dipped into 140 oC 
olive oil for 1 minute.   
• Test tube was then lowered to near boiling water 
(approximately 90 oC) for another 90 seconds.  
• Test tube was dipped into water at room 




70 oC/s • Test tube of molten solder was quenched in a large 
container of water at room temperature (23 oC).   
• Temperature of molten solder was lowered from 
about 250 oC to 23 oC in approximately 2-3 seconds. 
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3.1.2 Machining 
The test tubes were removed to reveal as-cast solder tubes.  A lathe was used to turn the 
solder specimen down to smaller diameters.  The lowest feed rate was used to produce a 
smooth surface. A small handsaw with fine teeth was then used to carefully saw them 
into different lengths.  To guard against alterations to the microstructure, coolant was 
used to minimise any possible build up of temperature although solder is soft and can be 
easily machined without much rise in temperature. 
 
Cylindrical specimens with aspect ratios (diameter/length) of approximately 1 (for Split 
Hopkinson Pressure Bar (SHPB) experiments) and 3 (for the quasi-static compression 
tests) were fabricated.   
 
3.1.3 Etching 
To reveal bulk solder and solder ball microstructure, the specimens were ground and 
polished before being etched. 
 
Specimens of the solder were being co-cast with co-cast resin and ground using 320, 600 
then 1200-grade silicon carbide abrasive paper progressively until the surface of the 
solder specimens were relatively flat and smooth.  After which, they were polished with 
5μm alumina (a mixture of water and Al2O3 powder) solution to remove most of the 
scratches, followed by 1μm, and 0.3μm alumina to give a smooth and reflective finish 
(Figure 3.1).   
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Fig. 3.1 Polished and etched Co-cast solder samples for optical / SEM microscopy 
 
Once the surface was free of scratches, the specimens were etched using the following 
etching solution obtained from literature [41]: 
 
SnPb :  Diluted Nitric Acid (4%)                             (for several minutes) 
SnAg :  2% HCL, 5% HNO3, 93% Isopropanol       (for several seconds) 
SnAgCu :  2% Nital (2% HNO3, 98% Isopropanol)      (for several seconds) 
 
3.1.4  Image Acquisition 
The optical microscope and the Scanning Electron Microscope (SEM) were used to study 
and acquire images of the specimen microstructure.  The optical microscope was used to 
perform visual inspection of the microstructure of the specimen at magnifications of 50X 
– 750X.  The Scanning Electron Microscope was employed to obtain higher resolution 
images when needed.  
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3.2 Microstructure of Sn-37Pb Solder Specimens 
Using the three different cooling methods, three distinct microstructures were obtained 
(Figure 3.2).  Being polycrystalline structured, the cast solder would develop larger 
grains at slower cooling rate as grains have more time to nucleate.  
       
(a) By Slow Cooling  (b) By Moderately Cooling     (c) By Quench Cooling 
Fig. 3.2 Optical micrographs of as-cast solder samples formed via different cooling rates 
 
    
(a) 30X magnification                   (b) 150X magnification 
    
(c) 300X magnification     (d) 750X magnification 
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From literature [36], it is mentioned that many individual phase regions (lamellae) 
constitute a single eutectic grain.  A series of optical micrographs of Sn-37Pb samples 
cast by slow cooling were taken (Figure 3.3).  From Figures 3.3 (a) to (d), the 
progressively increasing magnification shows that the lines are in fact formed by the 
different orientation of the Sn (light) and Pb (dark) laminar layers.  This confirms that the 
lines seen in the earlier optical micrographs in Figure 3.2(a) are indeed grain boundaries.   
 
From Figure 3.2, Sn-37Pb solder samples cast from slow cooling results in larger grains 
(Figure 3.2(a)) as compared to those formed via moderate cooling (Fig. 3.2(b)).  
Specimens cast via quench cooling (Fig. 3.2(c)) formed the smallest grains due to the 
lack of time for the grains to nucleate.     
 
3.2.1 Slow Cooling 
     
(a) 500X magnification                   (b) 2000X magnification     
Fig 3.4 Scanning electron micrographs of Sn-37Pb formed by slow cooling at (a)500X 
times and (b)2000X magnifications  
 
Using the scanning electron microscope, lamellar layers of “light” lead and “dark” tin 
phases are seen in Figure 3.4 (Instead of dark-lead and light-tin phases seen in optical 
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microscope).  These two regions are what is commonly known as the α, lead-rich solid 
solution and β, tin-rich solid solution. 
 
When the molten SnPb solder is cooled at a slow rate, the tin-lead material grows as 
alternating lamellae phases parallel to the direction of growth until it comes in contact 
with a mold wall or a similarly growing layer.  Eutectic solidification is a cooperative 
growth process since the solute rejected ahead of one phase region becomes immediately 
incorporated as the solvent phase in the adjacent region, and the plates thus grow at the 
same rate [36].   
 
3.2.2 Moderate Cooling 
     
(a) 500X magnification                    (b) 2000X magnification     
Fig 3.5 Scanning electron micrographs of Sn-37Pb formed by moderate cooling at (a) 
500X and (b) 2000X magnifications  
 
With moderate cooling, the tin-lead has less time to form into lamellar layers, as a result, 
shorter but thicker patches of “light” lead phases suspended in “dark” tin solution 
(Figure. 3.5) are formed.  This is due to the instabilities of advancing liquid-solid 
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interface resulting in island shaped phases (approximately 5μm in length) that lack long-
range perfection of the lamellar structure formed by slow cooling.   
 
The faster cooling rate results in interface instabilities; hence, discontinuities and faults of 
individual phase regions disrupt the growth and alignment of the lamellar structure.  
Instead, only short-range phase alignment is maintained and a colony substructure 
develops within the individual eutectic grain [36].  
 
3.2.3 Quench Cooling 
      
(a) 500X magnification                      (b) 2000X magnification  
Fig 3.6 Scanning electron micrographs of Sn-37Pb formed by quench cooling at (a) 500X 
and (b) 2000X magnification 
 
At even faster cooling rates (approximately 0.1oC/s), a more dramatic difference appears.  
The “light” lead particles form into smaller globular shapes (approximately 2μm in 
diameter) in the “dark” tin solution (Figure 3.6).  At such a fast rate, the liquid-solid 
interface does not have time to advance before they are frozen.   
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A comparison of Figures 3.4, 3.5 and 3.6 shows that when the solder is cooled at a very 
fast rate (70 oC/s), the Sn-Pb alloy forms globular shaped lead phases.  At slightly slower 
cooling rate (2 oC/s), the lead phases are given time to nucleate, thus, forming larger joint 
“island” shaped lead phases.  Finally, at slow cooling rate (0.1 oC/s), having sufficient 
time to nucleate and elongate, the lead will form lamellar layers as seen in Figures 3.3 
and 3.4. 
 
3.2.4 Solder Ball    
Micrographs obtained from the SEM on virgin solder balls (Figure 3.7) show similar 
patterned lead particles as compared to that obtained from bulk as-cast solder samples 
formed by moderate cooling (Figure 3.5). Similar “island” shaped lead phases remain 
suspended in the tin solution.   
   
(a) 200X magnification        (b) 500X magnification         (c) 2000X magnification 
Fig 3.7 Scanning electron micrographs of Sn-37Pb virgin solder balls at (a) 200X, (b) 
500X, and (c) 2000X magnification 
 
SEM micrographs of solder balls after re-flow (Figure 3.8) also show similar “island” 
shaped lead phases, however, the sizes of these “islands” are smaller than that of virgin 
solder balls.   
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(a) 200X magnification         (b) 500X magnification           (c) 2000X magnification 
Fig 3.8 Scanning electron micrographs of Sn-37Pb solder balls after re-flow at (a)200X, 
(b)500X, and (c) 2000X magnification 
 
 
Virgin solder balls are formed via releasing droplets of molten solder into a cold medium, 
forcing the molten droplets of solder to cool rapidly forming the sphere shaped solder 
ball.  As compared to a solder ball after re-flow, which involves a controlled temperature 
environment (to slow down cooling rates) to prevent electronic components from 
experiencing thermal shock, solder balls which have gone through re-flow were expected 
to possess lead phases of smaller sizes.  However, comparison between Figures 3.7 and 
3.8 seem to suggest that solder balls after re-flow are cooled faster than virgin solder balls 
since the latter possess lead phases of larger size.     
 
A possible explanation is that the virgin solder could have been produced and left 
untouched for a long period of time (possibly 9-12 months) before being used for this 
project.  Since room temperature, at which the solder balls are being stored, is more than 
half of the absolute melting temperature of solder, significant aging could have occurred 
over this period of time, thus causing virgin solder balls to have more course grains than 
solder balls after re-flow. 
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This however would not affect this project, as the main purpose is to find the bulk solder 
microstructure closest to the microstructure of virgin solder balls, and solder balls after 
re-flow.  For the case of virgin and re-flowed Sn-37Pb solder balls, moderately cooled 
bulk solder possess the most similar microstructure. 
 
3.3 Microstructure of Sn-3.5Ag Solder Specimens 
Although Sn-Pb solders have been studied extensively for the past decade, knowledge on 
Sn-Ag is still quite limited.  Besides having a much higher eutectic temperature of 221oC, 
Sn-Ag solder is also very different from Sn-Pb in terms of phase fractions and solubility 
behaviour of the two phases.  Lead (Pb) comprises more than 30% volume fraction in Sn-
Pb solder whereas Silver (Ag) formed intermetallics (Ag3Sn) only comprises less than 
4% of its total volume [42].  Also, Pb-rich phases in SnPb solder are ductile as compared 
to Ag3Sn intermetallics which are stronger but more brittle [43, 44].   
  
3.3.1 Slow Cooling 
Bulk Sn-Ag solder cast via slow cooling produces microstructure as shown in Fig. 3.9.     
Long, well-aligned Ag3Sn intermetallic plates/needles are found.  Similar to SnAgCu 
solder which has almost similar silver (Ag) content, Ag3Sn intermetallics are also 
commonly found in Sn-Ag solder.  Large Ag3Sn precipitates are found in the form of 
platelets/needles whereas fine Ag3Sn precipitates are fibrous [43].  In this case, sufficient 
time has allowed Ag3Sn intermetallics to nucleate and form thin platelets within the Sn 
matrix.  Large Ag3Sn platelets also appear to provide nucleation sites for eutectic 
dendrites, indicating that the large Ag3Sn platelets solidify first on cooling [43].   
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Ag3Sn 
Intermetallic
(a) 500X magnification                  (b) 2000X magnification 
Fig. 3.9 Scanning electron micrographs of Sn-3.5Ag formed by slow cooling at (a) 500X 
and (b) 2000X magnification 
 
Optical images of the etched Sn-3.5 solder have also been obtained (Figure 3.10).  
However, grain boundaries were not obvious.   Over-etching is most probably not the 
cause as many attempts have been made to etch the sample for very short period of time, 
yet grain boundaries are still not visible.  Thus, there is a possibility that the etching 
solution suggested in [41] is not ideal in this situation.    
      
(a) 30X magnification                                 (b) 300X magnification 
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3.3.2 Moderate Cooling  
When the bulk Sn-3.5Ag solder was made to solidify faster, the microstructure of the 
solder (Figure 3.11) appears different from that cast by slow cooling.   
 
Figure 3.11(a) reveals how the polished and etched Sn-3.5Ag solder looks like under low 
magnification.  The top left portion of Figure 3.11(a) is where the solder was in contact 
with the surface during solidification.  When solidifying, the bulk solder experiences 
slightly higher cooling rate nearer to the surface as compared to that at the centre of the 
cast solder.   
  
(a) 40X magnification                                   (b) A at 350X magnification 
  
(c) B at 350X magnification                       (d) 600X magnification 
Fig. 3.11 Optical micrographs of Sn-3.5Ag formed by moderate cooling at three different 
magnifications of (a) 40X, (b) and (c) at 350X and (d) 600X 
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By magnifying the areas nearer to the surface, area A in Figures 3.11(a) and (b), and that 
nearer the centre, area B in Figure 3.11(a), of the cast solder, we can study how slight 
change in cooling rate affects the microstructure.  Area A (Figure 3.11(b)) shows smaller 
white globular shaped phases and are more densely packed as compared to area B (Figure 
3.11(c)), where the white coloured phases are larger, less densely packed and aligned in a 
dendrite structure.  These white globular shaped phases are β-Sn phases that have been 
sighted and verified by various research papers [43, 45] using the EDX (Energy 
Dispersive X-ray Analysis).  The darker portions surrounding the β-Sn phases are 
eutectic Sn-Ag filled with smaller Ag3Sn intermetallics (which can be seen clearly in 
Figure 3.12 (b) via the SEM). 
 







(a) 500X magnification                          (b) 2000X magnification 
Fig 3.12 SEM micrographs of bulk Sn-3.5Ag solder formed by moderate cooling at (a) 
500X and (b) 2000X magnification 
 
According to studies done on the solidification of Sn-Ag-Cu solder alloy by Kim et. al. 
[43], β-Sn is the last to melt among the phases present (Cu6Sn5, Ag3Sn and β-Sn), thus 
meaning it would be the first to solidify.  Similarly in Sn-3.5Ag solder, Ag3Sn and β-Sn 
are present.  These, together with a comparison of Figures 3.11 (b) and (c), suggest that 
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β-Sn phase starts to nucleate first while the eutectic Sn-Ag phase and Ag3Sn 
intermetallics form later around them.  Thus, at slower cooling rates, the β-Sn phases 
have more time to nucleate and are, therefore, larger than those cooled at a faster rate 
(found nearer the surface).  Another possibility is that eutectic Sn-Ag phases were 
allowed more time to cluster, thus separating the β-Sn phases further apart (Figure 3.11).      
 
Figure 3.12 shows the micrographs obtained using the SEM.  At low magnification 
(Figure 3.12(a)), similar β-Sn phases, eutectic Sn-Ag and Ag3Sn intermetallics can be 
observed.  At higher magnification, Ag3Sn platelets or needles can be seen to be shorter 
and less well aligned than in earlier samples formed by slow cooling.   
 
3.3.3 Quench Cooling 
Optical micrographs of Sn-3.5Ag specimens cast by quench cooling fail to show any 
distinct microstructural features.  The inability to find a more appropriate etching solution 
could be the cause.  However, it could also be due to the intermetallics being too small to 
be observed under the magnification of the optical microscope.   
 
Using the SEM, and at higher magnification, the microstructure of the quench-cooled 
samples can be seen in Figure 3.13.  Liu et. al. [46] also managed to obtain similar 
micrographs showing many tiny holes in the Sn matrix.  These spherical holes were 
originally occupied by Ag3Sn which were removed during the etching treatment. 
Maveety et. al. [44] also mentioned that SnAg solder formed by quench cooling creates a 
dispersion of Ag3Sn in the Tin matrix.  This confirms that the Ag3Sn phase becomes finer 
with faster cooling rate [46].  Similar to the Sn-37Pb solder alloy, when the Ag3Sn 
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intermetallics in the Sn-Ag solder have insufficient time to nucleate, tiny elongated 
spheres of Ag3Sn suspended in the Sn- matrix are formed.   
     
(a) 500X magnification                                   (b) 2000X magnification 
Fig. 3.13 Scanning electron micrographs of Sn-3.5Ag bulk solder cast by quench cooling 
at (a) 500X and (b) 2000X magnification 
 
 
5.2.4 Solder Ball 
  
 
(a) 200X magnification           (b) 500X magnification           (c) 2000X magnification  
Fig. 3.14 Scanning electron micrographs of virgin Sn-3.5Ag solder balls at (a) 200X, (b) 
500X and (c) 2000X magnification 
 
SEM micrographs in Fig 3.14 show the microstructure of virgin Sn-3.5Ag solder balls.  
The microstructure of virgin solder balls reveals a pool of Sn-matrix dotted with spherical 
holes which used to be filled by specks of Ag3Sn intermetallics similar to quenched 
cooled (QC) bulk as-cast solder. 
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Sn-3.5Ag solder balls after re-flow in Figure 3.15 also shows relatively similar 
microstructure to that of virgin solder ball.  The holes that used to be filled with Ag3Sn 
intermetallics here seem slightly larger than that of virgin solder balls.  This matches well 
with the expectation that at a slower cooling rate during the re-flow process, the Ag3Sn 
intermetallics were given slightly more time to nucleate, thus forming larger and longer 
Ag3Sn phases as compared to virgin solder balls.  It is apparent that the aging effect of 
SnAg and SnAgCu (seen in section 3.4) solder balls are less significant as compared to 
their SnPb counterparts.  This can be explained by the higher melting temperature of 
SnAg solder, resulting in less significant aging effects.  However, despite the slight 
difference, the microstructure of both before and after re-flow is best represented by the 
bulk as-cast solder formed by quench cooling.    
 
 
(a) 200X magnification           (b) 500X magnification           (c) 2000X magnification 
Fig. 3.15 SEM micrographs of Sn-3.5Ag Solder balls after re-flow at (a) 200X, (b) 500X 




3.4 Microstructure of Sn-3.8Ag-0.7Cu Solder Specimens 
Having a composition very similar to Sn-Ag solder, Sn-Ag-Cu solder has a slightly lower 
melting temperature of 217 oC.  This makes the Sn-Ag-Cu solder (as compared to Sn-Ag 
solder) more desirable for most of the electronic industry in their efforts to minimize cost 
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and thermal shock damages to their electrical components during the re-flow process.  
The addition of copper does more than lowering the melting point of the solder.  Adding 
another material to the binary alloy makes the phase diagram of the alloy more complex.  
Several researches have focused their attention on the eutectic point of the ternary alloy 
[43, 47].  The incorporation of copper has also introduced a new phase of intermetallics, 
Cu6Sn5, into the solder microstructure [37, 45, 47, 48].   
 
In the process of this research, it is noticed from observing the difference in 
microstructure of Sn-Ag and Sn-Ag-Cu solder, that the Ag3Sn intermetallics are more 
prominent and larger in Sn-Ag-Cu than in Sn-Ag solder.  This was also observed by 
Kang et. al. [48].  It is mentioned that in the presence of Cu, larger and more Ag3Sn 
intermetallics are detected in the Sn-Ag solder.  However, there is no report of any large 
difference when the content of Cu was changed from 0.35Cu to 0.7Cu weight % [48].  
Small amounts of copper may only be needed to promote large Ag3Sn plates formation, 
thus, 0.35% Cu may be more than sufficient and no significant difference was observed 
when 0.7% Cu was used [48]. Therefore, there is no relation between the concentration of 
Cu and the formation of Ag3Sn, but the presence of Cu does result in the formation of 
more and larger Ag3Sn plates.  Larger Ag3Sn might result in a reduction in Ag in local 
regions of the Sn-Ag-Cu solder.  This is suspected to reduce the Ag content dissolved in 
the β-tin dendrites.  Reduction in Ag content in tin dendrites is believed to reduce its 
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3.4.1 Slow Cooling 
  
(a) 150X magnification                               (b) 250X magnification 
  
(c) 500X magnification                               (d) 700X magnification 
Fig 3.16 Optical micrographs of Sn-3.8Ag-0.7Cu bulk solder cast by slow cooling at (a) 
150X, (b) 250X, (c) 500X and (d) 700X magnification 
 
 
When bulk Sn-3.8Ag-0.7Cu solder is cast from its molten state at a slow solidification 
rate, large and thick Ag3Sn intermetallics are formed as shown in Figures 3.16 and 3.17.  
By comparing with Sn-3.5Ag bulk solder cast via slow cooling (Figures 3.9, 3.10), Ag3Sn 
intermetallics from bulk Sn-3.8Ag-0.7Cu solder are observed to be larger although 
cooling rate is approximately the same.   
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(a) 500X magnification                                   (b) 2000X magnification 
Fig 3.17 SEM micrographs of Sn-3.8Ag-0.7Cu bulk solder cast by slow cooling at (a) 
500X and (b) 2000X magnification 
 
It is also noticed that the fraction of Ag3Sn intermetallic plates in ternary eutectic regions 
seem less as compared to SnAg solder.  This might be due to the presence of Cu (Chapter 
2) together with the slow cooling rate, which allowed the Ag3Sn phase more time to 
nucleate, forming larger, thicker platelets in the eutectic region [48].  Formation of these 
large Ag3Sn plates reduces the Ag% content in the Sn-Ag-Cu solder and hinders the 
formation of Ag3Sn intermetallics present in the solder microstructure.  Therefore less 
Ag3Sn phases are formed in the above microstructure due to depletion of Ag.         
 
3.4.2 Moderate Cooling 
The most prominent features seen in optical micrographs of moderately cooled bulk Sn-
Ag-Cu solder are the Sn dendrites as shown in Figure 3.18.  The tin dendrites are 
surrounded by ternary eutectic mixtures of Sn, Ag3Sn intermetallics, and sometimes, η-
phase Cu6Sn5 intermetallics as well [45, 48].  This make-up of microstructure is 
commonly seen in many research articles regarding Sn-Ag-Cu solder [37, 39, 43, 45, 48], 
which suggests that it is most commonly attained under re-flow conditions.  However, 
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this ternary-eutectic microstructure is not always present, as it seems to compete with 
binary eutectic reactions.  Sn-3.8Ag-0.7Cu solder is still said to be dominated mainly by 
binary eutectic structure (β-Sn + Ag3Sn) [39].      
 
It has been reported that the size of Sn dendrites (tin-rich grains) increases with slower 
cooling rate.  This in turn results in a weaker alloy [37, 48].  This phenomenon is seen in 
Figure 3.18(a), where the tin dendrites at the bottom of the micrograph (which are nearer 
to the surface) cool slightly faster than those above it.  As a result, slightly larger tin 
dendrites were formed (as compared to those at the top of Figure 3.18(a)).  This can also 
be seen in Figure 3.11(a) for Sn-3.5Ag solder moderately cooled bulk solder.  Figure 3.18 
also show Sn dendrites forming alongside each other in an almost orderly manner. The 
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(a) 50X magnification                                   (b) 140X magnification  
 
   
(c) 250X magnification             (d) 700X magnification 
Fig 3.18 Optical micrographs of Sn-3.8Ag-0.7Cu bulk solder cast by moderate cooling at  
(a) 50X (b) 140X (c) 250X and (d) 700X magnification 
 
Moderately cooled Sn-3.8Ag-0.7Cu bulk solder appear to possess Ag3Sn intermetallic 
plates shorter and thinner than those formed via slow cooling (Figures 3.18(c), (d) and 
Figure 3.19). The reduction in cooling rate results in a general decrease in plate length 
and population of Ag3Sn [48].   
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(a) 500X magnification                                (b) 2000X magnification 
Fig 3.19 SEM Micrographs of Sn-3.8Ag-0.7Cu bulk solder cast by moderate cooling at 
(a) 500X and (b) 2000X magnification 
 
Ball shaped or disc-like Cu6Sn5  [39, 47] is another form of intermetallic present in the 
Sn-3.8Ag-0.7Cu solder.  Among others, it is reported to be the first to melt as compared 
to the other phases (Ag3Sn and β-Sn), thus last to solidify.  There are also claims that 
Cu6Sn5 phases can serve as heterogeneous nucleation sites for β-Sn dendrites [39].  
However, this is not observed in any of the micrographs in this project. If any were 
present, they were only noticed as part of the ternary eutectic regions shown in Figure 
3.19(b).  Copper atoms can either dissolve in the β-Sn dendrites [39] or form part of the 
ternary eutectic phase mentioned above.  Figure 3.19(b) shows possible formation of 
Cu6Sn5 within the ternary eutectic phase together with Ag3Sn. 
 
3.4.3 Quench Cooling 
Sn-3.8Ag-0.7Cu bulk solder formed by quench cooling shows very similar microstructure 
(Figure 3.20) as that of quench cooled Sn-3.5Ag bulk solder (Figure 3.13).  Maveety et. 
al. [44] mentioned that quench cooling creates a dispersion of Ag3Sn in the Sn matrix.  
Similar to Sn-3.5Ag quench cooled solders, the holes seen in Figure 3.20 show what used 
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to be occupied by Ag3Sn intermetallics, which were dislodged during etching [44].  
These holes appear to be larger and slightly elongated than those seen in SnAg solder 
(Figure 3.13).  This is most probably due to the more conducive environment for Ag3Sn 
nucleation as compared to Sn-3.5Ag solder due to the presence of Cu as mention earlier 
by Kang et. al. [48].  The Cu atoms may be distributed and dissolved within the Sn matrix 
or too small and too dispersed to be noticed.  It is less likely to have formed clusters of 
Cu6Sn5 intermetallics, as cooling rate was so rapid that nucleation would most probably 
have been limited.   
      
(a) 500X magnification                                    (b) 2000X magnification  
Fig.3.20 SEM Micrographs of Sn-3.8Ag-0.7Cu bulk solder cast by quench cooling at (a) 
500X and (b) 2000X magnification 
 
3.4.4 Solder Ball 
Figures 3.21 and 3.22 show the microstructure of the solder balls before and after re-flow 
respectively.  SEM micrographs in Figure 3.21 captured images of tiny spheres of Ag3Sn 
that have not been etched out the Sn matrix. The virgin solder balls reflect similar 
microstructure to those found in quench-cooled bulk Sn-Ag-Cu bulk solder. This again 
suggests that virgin solder balls were formed by rapid cooling.  However, the cooling rate 
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for forming must have been much higher than the QC specimens (Figure 3.20(b)) in this 
research as Ag3Sn intermetallics seen in Figure 3.21(c) appears significantly smaller. 
 
(a) 200X magnification           (b) 500X magnification          (c) 2000X magnification 
Fig. 3.21 SEM micrographs of virgin Sn-3.8Ag-0.7Cu solder balls at (a) 200X, (b) 500X 
and (c) 2000X magnification 
 
Solder Balls after reflow (Figure 5.21), however, show a microstructure resembling that 
of Sn-Ag-Cu bulk solder samples formed from moderate cooling instead.  Similar 
dendrite-like features as the β-Sn dendrites seen in Figures 3.18 and 3.19 are present, but 
appear much shorter.  This signifies that it has a more rapid cooling rate as compared to 
those Sn-3.8Ag-0.7Cu bulk solder specimens formed via moderate cooling [48].  
 
(a) 200X magnification          (b) 500X magnification           (c) 2000X magnification 
Fig. 3.22 SEM micrographs of Sn-3.8Ag-0.7Cu solder balls after re-flow at (a) 200X, (b) 
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3.5 Chapter Summary 
Sn-37Pb, Sn-3.5Ag and Sn-3.8Ag-0.7Cu solder specimens were cast at three different 
cooling rates.  This resulted in three distinct microstructures for each type of solder.   
Table 3.2 shows a summary of the observations made.   
Table 3.2 Highlights of Microstructure of each cooling rate
 Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Slow 
Cooling 




thick Ag3Sn plates in 
Sn matrix 
-Long/thick Ag3Sn plates 
-Visible Cu6Sn5 in 
Ternary and Binary 




-“Island” like Pb 
phases in Sn matrix 
-Moderate length and 
thickness Ag3Sn 
plates in Binary 
Eutectic Phase with β-
Sn Dendrites 
-Moderate length / 
thickness Ag3Sn and 
Ball-like Cu6Sn5 in 
Ternary and Binary 




-Sphere like Pb 
phases in Sn matrix 
-Spheres or whiskers 
of Ag3Sn 
intermetallics in Sn 
matrix 
-Larger Spheres or 
whiskers of Ag3Sn 
intermetallics in Sn 
matrix 
 
Please refer to appendix C for the consolidation of SEM micrographs shown in this 
chapter. 
 
From experiments, it has been confirmed that for Sn-37Pb solder, high cooling rate 
produces spherical Pb phases.  When cooling rate falls, the Pb phases will cluster and 
eventually form laminar layers with the Sn matrix.  Sn3Ag intermetallics in Sn-3.5Ag and 
Sn-3.8Ag-0.7Cu solder are evenly dispersed as spheres when quench cooled.  As cooling 
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rate decreases, the Sn3Ag intermetallic becomes needle shaped or plates.  The presence of 
Cu and slower cooling rate encourages growth of thicker Ag3Sn intermetallics. 
 
The microstructure of virgin and re-flowed solder balls were also studied and compared 
with bulk solder microstructure.  Table 3.3 states the method of cooling bulk solder 
which results in microstructure closest to the two types of solder balls.   
 
Table 3.3 Microstructure of bulk solder most similar to solder balls before/after reflow 
Closest Matching 
Microstructure Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Virgin Solder Balls Moderate Cooling Quench Cooling Quench Cooling 
Solder Balls after 










4.Quasi-Static Material Properties of Solder Specimens  
 
CHAPTER 4 QUASI-STATIC MATERIAL PROPERTIES 
OF SOLDER SPECIMENS 
Bulk solder specimens prepared by casting and machining methods described in chapter 3 
are compressed at a strain rate of 8.3 x 10-4s-1 to study their response under quasi-static 
load.  The Shimadzu AG-25TB Testing Machine (Appendix D) is used to perform the 
quasi-static compression tests.  The specimens are approximately 21mm in length and 
7mm in diameter.  The specimens are loaded to 3% strain to keep within the limits of the 
strain gauges. 
 
Although according to the ASTM standard [49], an aspect ratio of 1.5 - 2 is sufficient, we 
found that an aspect ratio of 3 together with strain gauges would yield more accurate 
results.  Using aspect ratio more than three would cause buckling of the specimen.   
 
4.1 Graphs of Quasi-Statically Compressed Solder Specimens  
Focus is placed on the first 3% strain of the specimen, since the strain limit of the strain 
gauges used achieves the best accuracy up till that point.  The graphs are the average of 
3-5 experiments being done on each type of specimens. 
 
The following histograms display the mean Young’s modulus, Yield stress and 
Tangential modulus of each type of specimen obtained from measuring the gradient of 
the following Stress-Strain curves.  The error bar reflects the maximum and minimum 
value from the pool of 3-5 specimens tested.  
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Fig. 4.1 Stress-strain curves of bulk Sn-37Pb solder under quasi-static loading            

























Fig. 4.2 Stress-strain curves of bulk Sn-3.5Ag solder under quasi-static loading           
(SC: Slow Cooled, MC: Moderately Cooled, QC: Quench Cooled) 
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Fig. 4.3 Stress-strain curves of bulk Sn-3.8Ag-0.7Cu solder under quasi-static loading   
(SC: Slow Cooled, MC: Moderately Cooled, QC: Quench Cooled) 
 


























        SC        MC         QC        SC         MC        QC        SC         MC        QC
               Sn - 37Pb                         Sn - 3.5Ag                Sn - 3.8 Ag - 0.7Cu
  
Fig. 4.4 Young’s modulus of bulk solders of three different compositions 
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Table 4.1 Young’s Modulus of Solder Specimens 
Young’s Modulus, E / GPa Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Slow Cooled, SC 18.7 32.6 32.0 
Moderately Cooled, MC 20.4 30.7 33.5 
Quenched Cool, QC 22.7 30.3 41.7 
 
4.2.1 Comparing Materials 
From the summary of solder Young’s modulus in Figure 4.4 and Table 4.1, the lead-free 
solders (Sn-3.5Ag and Sn-3.8Ag-0.7Cu) appear to have a higher Young’s modulus than 
that of leaded solder.   This is probably expected due to the low hardness of Pb (which is 
comparable to Sn in Sn-37Pb solder) as compared to the Ag and Cu components in lead-
free solder which posses stronger atomic bonds resulting in greater resistance during 
elastic deformation.    
 
4.2.2 Comparing Microstructure 
Sn-37Pb bulk solder shows increase of its Young’s modulus when cast at higher cooling 
rates.  Large fluctuation of results obtained from moderately cooled specimens is due to 
the multiple-step cooling procedure. However, by comparing all three methods (SC, MC 
and QC), it is clear that faster cooling rate yields a significantly higher Young’s modulus.   
 
Bulk Sn-3.5Ag solder appears to have Young’s modulus which is inversely related to 
cooling rate.  Figure 4.4 shows that faster cooling rate resulting in smaller grain sizes and 
Ag3Sn intermetallics might have caused the elastic modulus to decrease. 
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The elastic modulus of bulk Sn-3.8Ag-0.7Cu solder increases as cooling rate increases.  
This is shown in Figure 4.4 with QC specimen having a Young’s modulus of 
approximately 10MPa higher than SC specimens.   
 





















        SC         MC        QC         SC        MC        QC         SC         MC        QC
               Sn - 37Pb                          Sn - 3.5Ag                 Sn - 3.8 Ag - 0.7Cu
 
Fig. 4.5 Yield stresses of bulk solder ( 0.2% strain offset) 
 
Table 4.2 Yield Stresses of Solder Specimens
Yield Stress / MPa Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Slow Cooled, SC 34.5 21.0 31.2 
Moderately Cooled, MC 34.6 22.5 27.3 
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4.3.1 Comparing Materials 
The elastic-plastic transition of leaded Sn-37Pb solder is not sensitive to microstructure / 
cooling rate.  This is observed in Figure 4.1 where all three specimens of different 
microstructure have the same distinct transition. However, this is not the case in lead-free 
solder (Figure 4.2 and 4.3).  It is observed that elastic-plastic transition of the lead-free 
solder tested becomes more gradual with larger microstructure (slower cooling rate).  For 
lead-free solder, only QC specimens have a more distinct transition. The MC and SC 
specimens undergo elastic-plastic transition in a more gradual manner.  
 
The elastic-plastic transition is the change of deformation mechanism from the stretching 
of inter-atomic bonds (elastic deformation) [50], to dislocation movement (plastic 
deformation) [51].  Plastic deformation in polycrystalline metals occurs by the glide of 
dislocations and hence the critical shear stress at the onset of plastic deformation is the 
stress required to move dislocations [51].  However, in cases like that of the lead-free 
solder in Figures 4.2 and 4.3, significant non-linear micro-plasticity occurs in the pre-
yield region due to limited dislocation motion.  This means that for the two lead-free 
solders, the occurrence of the two deformation mechanisms overlaps significantly.  The 
Sn-Pb solder and the quench cooled lead-free solder, on the other hand, has more 
distinction between the occurrence of the two deformation mechanisms.  The two lead-
free solders cast at high cooling rates must have achieved a microstructure state where the 
distinct transition to dislocation movement is more defined.   
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Since the yield stress is defined as the point of initial departure from linearity of the 
stress-strain curve, the location as to where the yield point of lead-free solder should be 
defined would be quite ambiguous.  In this case, the 0.2% strain-offset method is used for 
all three materials to standardize yield stress identification.  The result of using the 0.2% 
strain-offset method (Table 4.2) shows that the lead-free solders have greater fluctuation 
in yield stress (Figure 4.5) as compared to leaded solder, which shows minute differences 
in yield stress when cast at different cooling rates. 
 
4.3.2 Comparing Microstructure 
The yield stress of bulk Sn-37Pb solder appears to be relatively independent of cooling 
rate.  As seen in Figure 4.5, the yield stresses of the 3 different Sn-37PB solders cooled at 
different rates possess relatively similar values of approximately 34 MPa with limited 
fluctuation. 
 
For Sn-3.5Ag solder, the yield stresses of QC specimens are distinctly higher than the 
specimens cast at slower cooling (SC) rates.  Figure 4.2 shows that although the transition 
between elastic and plastic deformation is not distinct, the onset of significant plastic 
deformation (dislocation movement) of QC specimens occurs at higher strain with a 
much higher stress level than that of the other Sn-3.5Ag solder specimens.  This leads to 
a much higher yield stress.   
 
The yield stresses of Sn-3.8Ag-0.7Cu solder specimens in Figure 4.5 do not display any 
consistent trend between cooling rates and yield stress. Although QC specimens possess 
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slightly higher yield stress as compared to SC specimens, the yield stress of MC 
specimens shows a sudden dip.  Hence, it is not conclusive if higher yield stress results 
from higher cooling rates.   
 


























     SC         MC        QC        SC         MC        QC        SC         MC        QC
              Sn - 37Pb                         Sn - 3.5Ag                Sn - 3.8 Ag - 0.7Cu
 
Fig. 4.6 Tangent modulus of bulk solder in plastic deformation between 1% - 3% strain 
 
Table 4.3 Tangential Modulus of Solder Specimens between 1% and 3% Strain 
Tangential Modulus/ MPa Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Slow Cooled, SC 162.2 166.2 138.3 
Moderately Cooled, MC 122.3 87.0 212.1 
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4.4.1 Comparing Materials 
The summary of tangent modulus of plastic deformation, or “plastic modulus”, (taken 
between 1% to 3% strain) of the three solders is shown in Figure 4.6.  Significant 
variation of strain hardening effect in all three solders makes it difficult to observe any 
trends, although the average plastic modulus of SnAgCu solder seems to be larger than 
the rest.   The plastic modulus of the leaded Sn-37Pb solder is noticed to have a slightly 
higher fluctuation (variation of about 120MPa) amongst the different microstructures, 
which fluctuates 70% more as compared to lead-free solders (variation of about 70MPa). 
 
SnAgCu solder has a slightly higher average tangential modulus of plastic deformation 
than the other two materials.  As dislocation movement is the mechanism for plastic 
deformation, work hardening during plastic deformation is caused by the increase in glide 
resistance of these dislocations.  This reduction in dislocation mobility could be due to its 
interaction with other dislocations, particles within the solder and/or grain boundaries in 
the polycrystalline material that caused the higher strain hardening effect. 
 
4.4.2 Comparing Microstructure 
A significant decrease in the plastic modulus of bulk Sn-37Pb solder is observed with 
faster cooling rate as seen in Figure 4.6.  The plastic modulus of slow cooled specimen 
drops from 162.2 MPa to 35.9 MPa when quench cooled.  This implies that strain 
hardening of Sn-37Pb becomes less significant with smaller grains and smaller spherical 
Pb-rich phases (Chapter 3).  Charts of flow stress at 1% and 3% strain (Figures 4.7 (a) 
and (b)) shows that flow stress of bulk Sn-37Pb solder is also higher when slow cooled.   
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          (a)                                                                 (b) 
        SC                     MC                   QC         SC                     MC                   QC 
Fig. 4.7 Charts showing quasi-static results of Sn-37Pb solder flow stresses at (a) 1% 
strain and (b) 3% strain 
 
This direct correlation between grain sizes and flow stress seem to imply reverse Hall-
Petch effect, but this is unlikely the case.   Dislocation theory states that grain boundaries 
act as obstructions to dislocation movement.  With smaller grain size and the presence of 
phased particles (in this case, Pb-rich phases), the number of grain boundaries increases, 
leading to more obstruction to dislocation motion, i.e. flow stress increases due to strain 
hardening [50, 51], thus the Hall-Petch relation.  However, the result of QC specimens 
(more refined microstructure) seems to be reversed for the case of quasi-statically 
compressed Sn-37Pb bulk solder.  
 
The prominent creep effect seen in SnPb solder may be the answer to this unexpected 
behaviour.  When compressed at such a slow rate, significant grain boundary sliding 
(Chapter 2, Literature Review) occurs during the process.  With smaller grains, more 
grain boundary sliding occurs.  In the case of Sn-37Pb solder, the weakening effect of 
grain boundary sliding may outweigh the strengthening effects of strain hardening caused 
by obstruction of dislocation movement due to grain boundaries.  Thus, instead of Sn-
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37Pb solder experiencing stronger strain hardening effect, smaller grain sizes resulted in 
weaker strain hardening instead.   
 
Results of Sn-3.5Ag specimens in Figure 4.6 show that the tangential modulus of QC 
specimens is the lowest as compared to slower cooled specimens.  Findings by Wiese and 
Meusel [20] show that at stress levels higher than 15 MPa, creep rates of Sn-37Pb and 
Sn-3.5Ag solder (at room temperature) are very similar.  This suggests that bulk Sn-
3.5Ag solder also has similar grain boundary sliding effect as Sn-37Pb solder.  That is, to 
have grain boundary sliding being more prominent as compared to strain hardening 
caused by obstruction to dislocation movement in specimens with smaller grain sizes.  
However, Sn-3.5Ag has a less significant decrease in tangential modulus with decreasing 
grain size (as compared to Sn-37Pb).  This could be due to stronger precipitation 













































 1 1            SC                  MC                 QC 
        (a)                                                                      (b) 
             SC                   MC                  QC 
Fig. 4.8 Charts showing quasi-static results of Sn-3.5Ag solder (a) Flow stresses at 1% 
strain and (b) Flow stresses at 3% strain 
 
However, since QC specimens have higher yield stresses, Sn-3.5Ag solder cast via higher 
cooling rate remains to show higher flow stress required up to 3% strain (Figures 4.8(a) 
and (b)).   
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Results of quench cooled and slow cooled Sn-3.8Ag-0.7Cu solder specimens show 
tangential modulus (Figure 4.6) significant increase in strain hardening with higher 
cooling rate as the specimen begins to deform plastically.  On the other hand, the MC 
specimens once again show values different from specimens cast at the two extreme 
cooling rates.  With reference to the previous two materials and findings from Wiese et. 
al. [20], there is high possibility that results from MC is merely due to fluctuation in 
casting conditions.  SnAgCu solder shows significant creep only at much higher levels of 
stress (40 MPa) as compared to SnPb and SnAg solder (15 MPa) [20].  This implies that 
before 40MPa, plastic deformation should mainly be dominated by obstruction to 
dislocation movement (rather than grain boundary sliding).  Thus, effects of work 


















































                           (b (a)                                                           SC                    MC                  QC )           SC                 MC                  QC 
 
Fig. 4.9 Charts showing quasi-static results of Sn-3.8Ag-0.7Cu solder (a) Flow stresses at 
1% strain and (b) Flow stresses at 3% strain 
 
 
Figures 4.9 (a) and (b) shows an increase in flow stress with faster cooling rate at 1% and 
3% strains.  Although MC specimens show lower yield stress than SC specimens, they 
seem to possess higher work hardening rate (δσ/δε), thus achieving higher flow stress as 
compared to SC specimens (overtaking the flow stress of SC specimens at 1.3% strain).  
55 
4.Quasi-Static Material Properties of Solder Specimens  
 
But by 2.5% strain, the work hardening rate of MC specimens appears to have reduced to 
become relatively similar to the rest (Refer to Figure 4.3).   
 
4.5 Chapter Summary 
To conclude this section on quasi-static response on solder material to different cooling 
rates, a summary of the observations is tabulated in table 4.4. 
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CHAPTER 5  DYNAMIC MATERIAL PROPERTIES OF 
SOLDER SPECIMENS 
The Split Hopkinson Pressure Bar will be used to obtain solder specimens response under 
dynamic or high strain-rate compression.  The specimens prepared for the Hopkinson bar 
tests have an aspect ratio of 1.  The specimen lengths range from 2mm to 9mm.  
Approximately thirty specimens were tested per material, per cooling rate.   
 
Striker bar velocities ranging from 5 m/s to 15 m/s were used with the different specimen 
lengths to attain strain-rates ranging from 102 to 104s-1.  Such high strain rates were 
targeted because of preliminary simulations [43] which show that during simulation 
certain elements experience much higher strain rates (approximately 104s-1) then others.  
Therefore, to be able to perform more complete and accurate simulation, strain rates of up 
to 104s-1 were targeted.  The loading pulse in all these SHPB experiments is similar.  As a 
result, the maximum strain obtained by each experiment is dependent on the strain-rate it 
was deformed at, thus higher strain rate results in greater deformation.  This database of 
solder response will then be used for simulation purposes.   
 
In the following sections, five to seven true stress- true strain curves (using true strain 
equation, Ln (l/l0)) of bulk solder specimens obtained from SHPB experiments (using a 
combination of equation 2.3 and 2.4) that best represents the results are shown for each 
type of specimen.  The quasi-static responses of solder specimens (Chapter 4) were also 
included for comparison purposes.  The legend on the right of each graph shows the 
strain rate at which the bulk solder was deformed.  After presenting the results of each 
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material, a table summarizing the observation made about each of them will be presented 
and discussed. 
 
5.1 Material Response of Sn-37Pb Solder Specimens 



























Fig. 5.1 Response of bulk Sn-37Pb SC solder in the SHPB experiment up to 30% strain 
 
Higher flow stress is required to deform bulk Sn-37Pb solder at higher strain-rate (Figure 
5.1), resulting in positive strain-rate sensitivity.  The effect becomes more significant at 
strain rates above 5000s-1.  In Figure 5.2, it shows that slow cooled Sn-37Pb solder strain 
hardens and starts to reach constant stress of 130 MPa at about 30% strain.  However, for 
the highest strain rate obtained (9100 s-1), the stress seems to continue to rise with 
increasing strain.  
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Fig. 5.2 Response of bulk Sn-37Pb SC solder in the SHPB experiment up to 80% strain 
 
5.1.2 Moderately Cooled 
Figures 5.3 and 5.4 illustrate that moderately cooled Sn-37Pb bulk solder also show 
positive strain rate sensitivity.  At strains below 20%, specimens deformed at strain rate 
of 11,000s-1 show an increase in flow stress which appears to be significantly higher than 
those of lower strain rates. MC specimens also show work hardening stress reaching a 
constant value at approximately 25% strain.  MC specimens also reach a slightly higher 






























































Fig. 5.4 Response of bulk Sn-37Pb MC solder in the SHPB experiment up to 80% strain 
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5.1.3 Quench Cooled 
A positive strain rate dependence of QC Sn-37Pb specimens is shown in Figures 5.5 and 
5.6.  Similar strain hardening is seen reaching a plateau of approximately 140 MPa 
beyond 20% strain.  However, this constant stress seems to have come at a smaller strain 
as compared to the previous two Sn-37Pb specimens (SC and MC).  Fluctuations in the 






























Fig. 5.5 Response of bulk Sn-37Pb QC solder in the SHPB experiment up to 30% strain 
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Fig. 5.6 Response of bulk Sn-37Pb QC solder in the SHPB experiment up to 80% strain 
 
5.1.4 Sn-37Pb Solder Summary 
Table 5.1 below shows a summary of observations on the dynamic compression of Sn-
37Pb solder. 





Max flow stress Trend 
SC 
(Slow Cooled) 52 MPa 130 MPa at 30% strain 
Positive Strain Rate 
Sensitivity 
MC 
(Moderately Cooled) 53 MPa 140 MPa at 25% strain 
Positive Strain Rate 
Sensitivity 
QC 
(Quench Cooled) 54 MPa 140 MPa at 20% strain 




5. Dynamic Material Properties of Solder Specimens 
Average Yield Stress 
Although the yield stress of dynamically compressed bulk Sn-37Pb solder shows slight 
strain rate sensitivity, the difference appears to be so small and it could have been caused 
by fluctuation of the results.   
 
Strain Hardening Effect 
There are also signs that as Sn-37Pb microstructure becomes smaller, the rate of strain 
hardening becomes higher as the flow stress reaches a maximum at lower strains (Table 
5.1).  The maximum flow stress also increases to 140 MPa for the fastest cooling rate.  
This phenomenon is what is typically known as material strengthening by grain size 
reduction.  When cooling rate increases, grain sizes of the material become smaller, 
resulting in more grain boundaries.  With more grain boundaries, dislocation motion is 
greatly hindered, thus, making plastic deformation more difficult.  On top of that, the 
smaller and more evenly dispersed Pb-rich phases in QC specimens (seen in Chapter 3) 
also provide greater resistance to dislocation.  Since the hindrance of dislocation motion 
is the primary mechanism of strain hardening, in this case, the rate of strain hardening, 
δσ/δε, would increase with more refined microstructure.   
 
With greater more grain boundaries, grain boundary sliding could become dominant as 
seen in section 4.4.2 (Tangential modulus of SnPb solder), however, it is not so in this 
situation where specimens are deformed at such high strain rates.  During high strain rate 
deformation, grain boundary sliding might not have sufficient time to respond (as it is 
more dominant during low strain-rate loading conditions).  Thus, strain hardening by 
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obstruction to dislocation movement would most probably have been the dominating 


























Fig. 5.7 Summary of true stress at 5%, 25% and 60% strain from SHPB experiment for 
Sn-37Pb bulk solder cast via SC, MC and QC. 
 
Strain Rate Sensitivity 
Fluctuation of SHPB results, especially at high strain rates, restricts accurate quantitative 
comparison of the results, thus a qualitative one will be done instead.  There is 
consistency in the positive strain rate dependence of Sn-37Pb bulk specimens and Figure 
5.7 clearly illustrates this.  All the trend lines show that flow stress rises with higher 
strain rates therefore confirming the observation that higher flow stresses are required for 
deformation of bulk Sn-37Pb solder at higher strain rate.  This result is similar to the 
conclusion made by Siviour et. al. [26] regarding similar solder material. Dynamic results 
also show distinctly higher stresses than quasi-static ones.   
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5.2 Material Response of Sn-3.5Ag Solder Specimens 
5.2.1 Slow Cooled 
 
The curves in Figure 5.8 show the flow stress approaching approximately 150 MPa. This 
constant stress is reached only after specimens experienced more than 35% strain (as 





























Fig. 5.8 Response of bulk Sn-3.5Ag SC solder in the SHPB experiment up to 30% strain 
 
 
From theses Figure 5.8 and 5.9, solder response at lower strain rates appears to be more 
sensitive than that at higher strain rate (below 20% strain).  This hints a possibility of 
negative strain rate dependence with specimens deformed at lower strain rates showing 
higher flow stress than those at higher strain rates.  However, since this phenomenon is 
not distinct, it could also be due to fluctuation in the results at high strain rate (>2100s-1).  
Thus, the strain rate sensitivity of dynamically loaded SC Sn-3.5Ag solder is 
inconclusive.  It can either have mild negative strain rate sensitivity or none at all. 
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Fig. 5.9 Response of bulk Sn-3.5Ag SC solder in the SHPB experiment up to 80% strain 
 
 
5.2.2 Moderately Cooled 
 
Besides slight fluctuations of high strain rate results at high strain (in Figure 5.10 and 
5.11), most of the other stress-strain curves of moderately cooled bulk Sn-3.5Ag solder 
do not seem to be affected by a change in strain rate.  This suggests that dynamically 
loaded MC Sn-3.5Ag solder is not strain rate sensitive.   
 
In figure 5.11, the flow stress becomes constant when specimens were compressed by 
more than 50%.  This is higher than the 35% strain required from slow cooled specimens.  
MC specimens also show higher constant stress of approximately 180 MPa as compared 
to 150 MPa of SC ones. 
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5. Dynamic Material Properties of Solder Specimens 
5.2.3 Quench Cooled 
Figures 5.12 and 5.13 show that the Sn-3.5Ag solder cast via quench cooling has 2 
distinct bands of curves.  The band with lowers strain rates (800, 1700 and 2500s-1) 
possesses higher rate of strain hardening, δσ/δε, and reaches a maximum constant flow 
stress of 180 MPa (similar to MC specimens).  The second band of curves is obtained 
from specimens tested at higher strain rates (5700, 8000 and 9000s-1).  They have 
significantly lower rate of strain hardening as the maximum constant flow stress of 

















































































5. Dynamic Material Properties of Solder Specimens 
5.2.4 Sn-3.5Ag Solder Summary 
Table 5.2 Features of high strain-rate response of Sn-3.5Ag solder 
Sn-3.5Ag Average 
Yield Stress 





150 MPa  
at 35% strain 
No clear strain rate 















at 30% strain  
(Strain rate  < 3000s-1) 
 
150 MPa 
at 50% strain 
(Strain rate > 5000s-1) 
Negative (in 2 bands) 
Lower strain rate band, 
strain rate < 3000s-1     
having higher Stress and  
 
Higher strain rate band 
strain rate > 5000s-1      
having lower Stress 
 
A summary of observations of Sn-3.5Ag solder’s reaction to high strain rate deformation 
is shown in Table 5.2.   
 
Average Yield Stress 
The average yield stress of dynamically compressed bulk Sn-3.5Ag solder, as compared 
to Sn-37Pb solder, shows significant positive correlation with increasing cooling rate. 
This implies that during high strain rate deformation, solder with more refined 
microstructure possess a higher yield stress.   
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Strain Hardening Effect 
There is no clear trend in the strain-hardening rate of bulk Sn-3.5Ag solder under 
dynamic loading conditions, but the maximum flow stress shows a distinct increase with 
increasing cooling rate.  QC and MC specimens have a maximum flow stress of 180 MPa 
while SC specimens only reached a maximum of 150 MPa.   
 
However, observations show a split of the QC data into two bands.  The band of lower 
strain rates show strain hardening to a maximum flow stress of 180 MPa.  At higher 
strain rates, a distinct drop in maximum flow stresses and strain hardening rate is noticed.   
 
Strain Rate Sensitivity 
Bulk Sn-3.5Ag solder was found to possibly have negative strain rate sensitivity.  
However, moderately cooled specimens were found to be unaffected by variations of 
strain rate under dynamic loading.  Slow cooled and quench cooled bulk Sn-3.5Ag 
solders seem to display a negative relationship to increasing strain rate, with the latter 
being more pronounced.   
 
Figures 5.12 and 5.13 from QC specimens agree with findings from Siviour et. al.[26] 
showing bulk Sn-3.5Ag specimens deformed at approximately 2500s-1 having lower flow 
stresses as compared to specimens deformed at lower strain rate of approximately 800s-1.  
Higher strain rates obtained from SHPB experiments in this research show a continuation 
of this trend.  At strain rates higher than 3000s-1, the flow stresses of these specimens 
drop to even lower levels.  It is noticed that they fall into two bands of stress-strain 
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curves, specimens of the first band deformed at lower strain rates requiring high flow 
stress for further deformation, and specimens of the second band deformed at higher 
strain rates deforming at lower flow stresses.  SHPB experiment results of SC specimens 
shown in Figures 5.8 and 5.9 also shows this effect with specimens deforming at 2100s-1 
also having lower flow stress than at 600s-1 but the spread is less than QC specimens.  
 For all 3 microstructures of Sn-3.5Ag solder, distinct strengthening in bulk Sn-3.5Ag 
specimens under dynamic loading is noticed as well, as compared to quasi-statically 
loaded specimens. 
 
5.3 Material Response of Sn-3.8Ag-0.7Cu Solder Specimens 
5.3.1 Slow Cooled 
Figure 5.14 shows slow cooled Sn-3.8Ag-0.7Cu solder having relatively little variation in 
flow stress among the lower strain rates (<3000 s-1).  However, at higher strain rates 
(>5000 s-1) slight but distinct increase in flow stress together with the increase in strain 
rate is observed.   
 
In Figure 5.15, specimens compressed to higher strain show a more distinct increase in 
flow stress as strain increase.  Flow stresses fluctuate at approximately 200 MPa at 35%-
40% deformation.  However, those specimens deformed at lower strain rates seem to 
reach a maximum stress of only 170 MPa at a later strain, probably after 50% strain as 
seen in Figure 5.15.     
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Fig. 5.15 Response of bulk Sn-3.8Ag-0.7Cu SC solder in the SHPB experiment up to 
80% strain 
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5.3.2 Moderately Cooled 
Moderately cooled Sn-3.8Ag-0.7Cu specimens show distinctly weaker strain hardening 
effect (in Figure 5.16) as compared to those cast by slow cooling and quenched cooling.  
The maximum stress obtained reaches 170 MPa at 30% strain.  This is much lower as 





















































Fig. 5.17 Response of Bulk Sn-3.8Ag-0.7Cu MC solder in the SHPB experiment up to 
80% strain 
 
At low strain (<15% strain), flow stresses at high strain rate is lower than that of those at 
low strain rate (500s-1), however, the flow stresses converge when the specimens are 
deformed above 0.2 strain (Figure 5.17).  This is illustrated in Figure 5.18 where the flow 
stresses at 5% strain shows a negative correlation with strain rate but does not exist at 
higher strain.  This phenomenon is also observed by Siviour et. al. [26] for SnAgCu 
solder.  There is less strain-hardening effect at higher strain rate than at lower strain rate.  



























Fig. 5.18 Flow Stress of high strain rate compression at 5%, 25% and 60% strain of MC 
Bulk Sn-3.8Ag-0.7Cu solder 
 
5.3.3 Quench Cooled 
Figures 5.19 and 5.20 show that QC bulk Sn-3.8Ag-0.7Cu solder specimens do not 
appear to be strain rate sensitivity.  This is with the exception of experiments between 
3000 to 4500 s-1 having minor fluctuation in flow stress as compared to the other curves.  
Strain hardening rate of QC specimens appear to be significantly higher than the previous 
two specimens cast at slower cooling rates.  A maximum constant stress of 210 MPa was 


























































5. Dynamic Material Properties of Solder Specimens 
5.3.4 Sn-3.8Ag-0.7Cu Solder Summary 


















200 MPa at 40% strain 
Positive Strain Rate Sensitivity 
 
.ε <3000s-1 with lower flow 
stress 
 












200-210 MPa at 20% 
strain, but begins to 
decrease after 60% strain
Nil 
 
Average Yield Stress 
The average yield stress of bulk Sn-3.8Ag-0.7Cu solder under dynamic compressive 
deformation increases with faster cooling rate.  A sharp increase in yield stress is 
apparently seen in quenched cooled specimens as a result of precipitation hardening. 
 
Flow Stress 
Sn-3.8Ag-0.7Cu solders show higher maximum constant flow stress in SHPB 
experiments as compared to the other two solder materials tested.  Regarding the 
behaviour of flow stress in this solder, three observations were made.   
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Firstly, Sn-3.8Ag-0.7Cu solder that were solidified at a faster rate (more refined 
microstructure) reached maximum flow stress at a lower strain.   
 
Secondly, maximum flow stress is approximately 200 MPa for both extremes of the 
solder casting method (slow cooled and quench cooled).  However, moderately cooled 
solder seem to have a drop in maximum flow stress (to 160 MPa) as compared to the 
other 2 microstructures.  A similar phenomena is also noticed in Sn-3.5Ag solder with 
MC specimens behaving differently as compared to specimens cast at the two extreme 
cooling rates. 
 
Thirdly, the rate of strain hardening, δσ/δε, increases with cooling rate at which the Sn-
3.8Ag-0.7Cu solder are formed.  Since plastic deformation is due to the movement of 
dislocations, the effect of strain hardening is caused by the restriction of dislocation 
movement upon interaction with other dislocations, grain boundaries and particles within 
the material. With the dispersion of finer Ag3Sn intermetallics in QC specimens, 
dislocation movement within the solder becomes greatly hindered.  This is essentially the 
cause of the higher yield stress, rate of strain hardening and maximum flow stress.        
 
Negative work hardening 
It is also noticed that the flow stress of bulk QC Sn-3.8Ag-0.7Cu solder appears to 
decrease when deformed beyond 60% strain.  It is not clear if deformation at lower strain 
rates have the same effect (as loading pulse ends before 60% strain for lower strain rate 
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specimens), but the drop in flow stress is observed in specimens deformed with strain rate 
higher than 4500s-1.  Similar phenomena were noted by Lee and Lin [52] with SHPB 
experiments on steel at 4800s-1.   
 
As a material is subjected to high rate of plastic deformation, plastic work is converted 
into heat that cannot dissipate during the short time.  This results in an increase in local 
temperature that causes thermal softening.  When thermal softening effect is greater than 
that of work hardening, plastic deformation becomes unstable and adiabatic shear band 
nucleation begins.   
 
Influence of thermal softening on the behaviour of plastic deformation can be found in 
stress strain curves.  Owing to the difficulties of measuring temperature during high-







                       (5.1) 
where ΔT is temperature rise, ρ is density, Cp is heat capacity, σ is the stress and dε is the 
strain interval.  In the case of QC Sn-3.8Ag-0.7Cu solder, the combination of rapid rate 
of strain hardening, high maximum flow stress and large strain gives rise to a large 
amount of plastic work.  Direct relation to change in temperature with the plastic work is 
shown in equation (5.1).  Thus with large plastic work, large amount of trapped heat 
could have caused thermal softening to become more prominent, resulting in a decrease 
in flow stress when deformed beyond 60% strain. 
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Strain Rate Sensitivity 
It appears that for Sn-3.8Ag-0.7Cu solder shows little or no strain rate sensitivity except 
for slow cooled specimens which shows distinctly higher flow stresses at higher strain 
rates (>5600s-1).  Similar responses are observed from SHPB results obtained by Siviour 
et. al.[26] regarding the stress-strain behaviour of QC specimens at low strain.  Although 
it was reported [26] that no strain rate sensitivity is noticed, stress-strain curves of 
specimens deformed at 2840s-1 show lower rate of strain hardening as compared to those 
deformed at lower strain rates.  This is also true for results obtained from this research, 
and the effect becomes more significant at strain rates beyond 4000 s-1.  Despite the 
slower hardening rate, they eventually converge at similar maximum flow stress as 
compared to those deformed at slower strain rates. 
 
Once again, all specimens of bulk Sn-3.8Ag-0.7Cu solder show distinct strengthening in 











5. Dynamic Material Properties of Solder Specimens 
5.4 Chapter Summary 
Table 5.4 Summary of observations of the correlation of material properties with cooling 
























































The average yield stress of Sn-37Pb solder appears to be unaffected by changes in its 
microstructure.  Lead-free solder on the other hand shows an increase in yield strength 
with faster cooling rate (more refined microstructure).  
 
The maximum flow stress is generally lowest for Sn-37Pb solder at 140 MPa.  Sn-3.5Ag 
solder has a slightly higher maximum flow stress of 180 MPa and Sn-3.8Ag-0.7Cu solder 
has the highest of about 210 MPa among the 3 solders.  Sn-3.5Ag solder reaches 
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maximum constant stress of 150 (by SC and QC at high strain rate) - 180 MPa (by MC 
and QC at low strain rate).  The maximum flow stress for Sn-3.8Ag-0.7Cu solder is 170 
(by SC at low strain rate and MC) to 210 MPa (by SC at high strain rate and QC).  The 
rate of strain hardening is observed to be slightly sensitive to specimen microstructure for 
Sn-37Pb solders.  The strain hardening rate (δσ/δε) of Sn-3.5Ag solder however, does not 
show a clear trend, but there is hint of a positive correlation between cooling rate.  Sn-
3.8Ag-0.7Cu on the other hand shows obvious rise in strain hardening rate with smaller 
microstructure (faster cooling rate). 
 
Sn-37Pb solder clearly illustrates a positive correlation of increasing flow stress with 
increasing strain rate.  Sn-3.5Ag shows negative (especially for QC specimens) or no 
strain rate sensitivity, whereas Sn-3.8Ag-0.7Cu generally has no strain rate dependence 
besides a slight hint of positive correlation for the specimens cast by slow cooling.  QC 
Sn-3.8Ag-0.7Cu specimens deformed at high strain rate also experiences negative work 
hardening when deformation exceeds 60% strain. 
 
For all three solder compositions, there is distinct strengthening effect under dynamic 
loading as compared to quasi-statically loaded specimens.  Strain hardening during 
dynamic loading conditions results in a much higher flow stress as compared to the same 
materials under quasi-static loading.  Strain rate sensitivity of specimens mentioned 
above display slight or no trend among strain rates from 500s-1 to 1000s-1.  This suggests 
possibility of saturation above those rates (with the exception of QC SnAg showing 
distinct negative strain rate sensitivity).    
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CHAPTER 6 COMPARISON OF BULK SOLDER WITH 
SOLDER BALL PROPERTIES 
6.1 Solder Ball Experiments 
6.1.1 Experimental Setup 
Virgin Sn-37Pb, Sn-3.5Ag, Sn-3.8Ag-0.7Cu solder ball specimens of 0.76mm in 
diameter were obtained from manufacturers and used in the following experiments 
without further treatment.  The solder balls were compressed at quasi-static and dynamic 
rates and their response recorded and compared.   
 
The more sensitive Instron Micro-Force tester (Appendix D) and load cell was used to 
perform the quasi-static compression test on the solder balls as compared to bulk 
specimen tests.  The ramp rate was set to be 0.000038 m/min. 
 
As for the dynamic experiments, a miniature split pressure Hopkinson bar (Appendix D), 
5mm in diameter, was used.  Since the solder balls were much smaller than the diameter 
of the Hopkinson bar (0.76mm vs 5mm) the transmitted stress wave was very small in 
magnitude. Thus, semi-conductor strain gauges with gauge factor of 120 were used for 
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6.1.2 Experimental Results 
Figure 6.1 shows a typical loading curve of 0.76mm virgin solder balls at two different 
rates - a slow rate of 3.6 x 10-5 m/s and a high compression rate of 12.5 m/s for each of 
solder composition.  Since it is a sphere and not a cylindrical specimen (with uniform 
cross-sectional area), force-displacement curves are used instead of stress-strain curves.  
The graph clearly illustrates how the solder balls respond to a difference in compression 
rate.  Greater amount of force was required to deform the solder ball at high strain rate as 














SnPb  at 3.6 x 10-5 m/s
SnAg at 3.6 x 10-5 m/s
SnAgCu at 3.6 x 10-5 m/s
SnPb at 12.5 m/s
SnAg at 12.5 m/s
SnAgCu at 12.5 m/s
0.38 mm
 
Fig. 6.1. Force vs Displacement graph of virgin solder balls undergoing slow (3.67x10-5 
m/s) and high strain rates (12.5 m/s) 
 
A compilation of experiments done at different strain rates on the three types of virgin 
solder balls is shown in Fig 6.2.  The results clearly show strain rate dependence of the 
force required to deform the solder ball to half of its original diameter (0.38 mm).  This 
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reinforces the response found in bulk SHPB experiments that dynamically loaded bulk 
solder specimens require distinctly higher stresses to deform than when loaded quasi-
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Fig. 6.2 Plot of force required for 0.38mm deformation of solder ball at different 
compression rates (Low strain rate values obtained by using Instron Micro-
Force Tester, High strain rate values obtained from miniature Hopkinson Bar 
experiment) 
 
6.2 Solder Ball Simulation 
After obtaining quasi-static and dynamic responses of bulk solder (Sn-37Pb, Sn-3.5Ag, 
Sn-3.8Ag-0.7Cu) and solder ball response to Split Hopkinson Pressure Bar (SHPB) 
experiments, Finite Element Analysis (FEA) was used to compare the findings.  The bulk 
material properties of solder obtained in the experiments (Chapter 4 and 5) will be used 
in simulation.  A finite element simulation of the miniature SHPB experiment 
compressing a solder ball will be modelled and performed using these bulk material 
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definitions.  The results of the simulations will then be compared with the actual 




ABAQUS/CAE 6.4, a non-linear finite element software, is used as the explicit solver for 
dynamic simulation of the Split Hopkinson Pressure Bar experiments.  It has integrated 
modelling, analysis, job management, and result evaluation capabilities, all in one 
program.  The axisymmetric 2-D model was used to make the simulation analysis more 
time efficient without compromising accuracy.   
 
In the FEA, not the whole setup of the SHPB was incorporated.  Instead of modelling a 
striker bar impact to send a compressive wave across the input bar, a representative input 
velocity history, obtained from actual SHPB experiments, was used.  This velocity 
history is prescribed at the open end of the input bar.   
 
6.2.2 Simulation Setup 
This section looks at the considerations on programming the modules/sections used in 
Abaqus/CAE to define the simulation model used for this project. 
 
6.2.2.1 Material Definition 
For each material, two types of material properties are used. For the first type, only quasi-
static material response of bulk solder is used in simulating the SHPB experiments.  Later 
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both quasi-static and dynamic response of bulk solder is used so as to allow a fully 
defined material response.  Each of these simulations is also performed with three 
different loading rates / striker velocities.  
 
True stress and strain values are used instead of engineering stress and strain values that 
are directly obtained from equations of the SHPB theory. 
 
It should also be noted that Abaqus/CAE does not have material definition for material 
response in compressive and tensile cases separately.  The material input is to be used for 
both compression and tension scenarios.  Another point to note is that Abaqus/CAE only 
interpolate material definition and does not extrapolate them.  In terms of strain rate, it 
will only interpolate between the defined strain rates.  Once the elements in simulation 
exceeds that maximum strain rate defined, Abaqus will only use the material definition of 
the highest strain rate and not extrapolate beyond that strain rate.  In terms of strain, once 
the element in the simulation exceeds the amount of strain defined by the user, Abaqus 
will assume no strain hardening and have the flow stress remain at the last stated value, 
i.e. constant flow stress with increasing strain. 
 
6.2.2.2 Interaction 
Penalty contact method was used for mechanical constrains between the solder ball and 
the two ends of the split Hopkinson pressure bars.  Under the contact property sub-
module, tangential behaviour was selected with penalty friction formulation with a 
friction coefficient set to a value of 0.01. 
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A friction coefficient of 0.01 was set at an arbitrary value of minimal friction, as the 
coefficient of friction between the solder ball and steel rod lubricated by a thin layer of 
lubricant is not known.  
 
6.2.2.3 Load / Boundary Condition 
As mentioned earlier, in section 6.2.1, an input pulse was used instead of the actual 
modelling of the collision of the striker bar. For this situation, the Boundary Condition 
sub-module was used to prescribe the compressive wave across the input bar.  The 
following shows how this input velocity wave is obtained.   
 
Using fundamental principles of SHPB, the prescribed velocity was obtained from the 
particle velocity,  
ii Cv ε−=                                                                           (6.1) 
where C is the elastic wave speed of the input bar, and εi the magnitude of the incident 
strain recorded by the strain gauge on the input bar.  By plotting the particle velocity with 
respect to time, an incident pulse identical to the actual incident pulse recorded in the 
SHPB tests can be obtained.  The approximate compression rates chosen to perform the 
SHPB experiments on solder balls are 2.5 m/s, 5.5 m/s, and 7.5 m/s.  A sample of the 
three input velocity waves are shown in Fig. 6.3.    
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Fig. 6.3 Input Velocity profiles at 2.5 m/s, 5.5 m/s and 7.5 m/s deformation rate. 
 
6.2.2.4 Explicit verses Implicit 
ABAQUS/Standard (Implicit) are well suited for the analysis where static, low-speed 
dynamic, or when steady state transport analyses are required.  The ABAQUS/Explicit 
however, is better suited to be applied to analysis where the phenomenon involves high-
speed, non-linear, transient response.  Therefore, ABAQUS/Explicit is better suited 
(more accurate, faster and have better memory efficiency) for finite element analysis of 
high-speed impact for the split Hopkinson pressure bar experiment. 
 
6.2.2.5 Mesh Resolution 
The aspect ratio of an element is defined by the ratio of its length to breath.  As high 
aspect ratio elements deteriorate mesh quality, it is most desirable to have aspect ratio as 
close to 1 as possible, to maximize accuracy and minimize elemental distortion [55].  The 
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element sizes in each of the respective parts (Input bar, Solder ball, Output bar) of the 
simulation are as listed in Table 6.1. 
 
Table 6.1 Dimensions of parts in Finite Element Simulation
 Width Length Aspect Ratio 
Input Bar 0.25 mm 0.25 mm 1 
Solder Ball Approximately 0.02 mm Approximately 0.02 mm Approximately = 1 
Output Bar 0.2 mm 0.2 mm 1 
 
Aspect ratios of all the elements are set to 1 except for those in the solder ball where 
slight variation in aspect ratio is required to fit its geometry.  However, most of the 
elements do not exceed aspect ratio of 3.  The recommended aspect ratio in stress 
analysis simulations is less than 10 for displacement analysis [54].  Figure 6.4 shows an 
enlarged view of elements of the solder ball held between the input and output Hopkinson 
bars.  A more detailed model with fine mesh is required and applied to the solder ball 
since it is the key component of the analysis. 
 
 
Fig. 6.4. Enlarged view of the simulation mesh of solder ball resting between the input 
and output rods in the split Hopkinson pressure bar experiment. 
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6.2.2.6 Analysis Precision 
Single precision executables having word length of 32-bits provide accurate results in 
most cases of finite element analysis.  Even though most new computers may have 64-bit 
memory addresses (double precision capability), single precision typically results in a 
CPU savings of 20% to 30% compared to the double precision executable [55].  
However, in situations where single precision tends to be inadequate when analyses have 
typical nodal displacement increments less than 10−6 times the corresponding nodal 
coordinate values, the double-precision executable is recommended.   
 
A comparison of solutions obtained with single and double precision in figure 6.5 
indicates the significance of the precision level.  This illustrates the point that the single 


















Figure 6.5 Output strain readings using single and double precision data calculation. 
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6.2.3 Local strain within solder ball during SHPB experiment 
Figure 6.6 shows the progressive distribution of strain within the solder ball when the 
compressive stress wave is transmitted through it during the SHPB experiment.  This 
section gives an insight as to how strain is being distributed within the solder ball. 
   
(a) at 0 μs                                               (b) at 1.25 μs 
  
(c) at 2.5 μs                                                   (d) at 5.0 μs 
   
(e) at 8.25 μs                                                 (f)  at 11.75 μs 
Fig. 6.6 Finite Element simulation visualization module of strain distribution within the 
solder ball during compression at (a) 0 μs, (b) 1.25 μs,(c) 2.5 μs, (d) 5.0μs, (e) 
8.25 μs and (f) 11.75 μs 
 
The contour plot from ABAQUS gives some idea as to how the strain is distributed 
within a solder ball during the SHPB experiment.  Strain from both ends propagates 
towards the centre of the solder ball.  They meet at the centre and accumulate, resulting in 
the centre of the solder ball experiencing the largest strain, thus, largest stress as well.    
From here, we extract strain values in all directions from the few elements marked by 
alphabets A, B, C and D in Figures 6.6 (a) and (f) that are of more interest to us. 
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A:  First element in contact with the input bar, and thus, first to experience the 
transmitted compression wave. 
B:  Centremost element within the solder ball. It experiences the most strain during the 
SHPB experiment  
C:  An element between elements B and D, to study the transition of strain concentration 
between the 2 elements.  
D:  The outer most element (along the plane perpendicular to the axial direction of the 
SHPB setup) of the solder ball. 
 
Note: The axis are labelled in figure 6.6 (a) and (f).  Direction 33 is in the out of plane 
direction. 
 
6.3 Comparison of Simulation and Experimental Results 
As mentioned earlier, the finite element simulation is performed using full (dynamic and 
quasi-static) material response of the three different solders, with three different types of 
microstructure.  Another set of simulations using ONLY quasi-static properties of each of 
the bulk solders will be performed and used as a comparison with the results of those 
using material properties from BOTH quasi-static and dynamic properties.  However, 
since in quasi-static situation, the difference between material response of different 
microstructure (but same material composition) is small, as compared to those of 
dynamic properties, only quasi-static properties of bulk solder cast via moderate cooling 
will be used.  Table 6.2 illustrates this point.  Also, simulations of each of these material 
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properties are performed using input pulses of three different magnitudes to check on 
consistency.   
 






Full (Quasi-Static & Dynamic) 
Material Definition 
 SC MC QC SC MC QC 
Sn-37Pb ± 3 ± 3 3 3 
Sn-3.5Ag ± 3 ± 3 3 3 
Sn-3.8Ag-0.7Cu ± 3 ± 3 3 3 
 
As mentioned in section 6.2.2.3 (Load / Boundary Condition), a velocity profile is 
applied to the striker end of the input bar. When the wave reaches the specimen, part of 
the incident wave will be reflected, and part of it transmitted across the output bar.  As 
the specimen in the SHPB experiment is not a typical cylindrical specimen but a sphere 
(no uniform cross-sectional area), the stress-strain curve cannot be obtained as a basis of 
comparison between experimental and simulation results.  Since force is a function of the 
transmitted wave, the transmitted wave is used as the mode of comparison.    
 
The following graphs make a comparison between transmitted waves obtained from 
simulations and experiments of the split Hopkinson pressure bar on solder balls. The 
purpose of doing this is to firstly, determine whether by using the full material definition 
(both dynamic and quasi-static properties) more accurate simulation results can be 
obtained as compared to simulation results from using purely quasi-static properties of 
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solder.  Secondly, it is to determine which microstructure (Slow Cooling, Moderate 
Cooling or Quench Cooling), from the fully defined material definition, gives simulation 
results closer to the experiment, thus being a better representation of the actual solder 
property.  Finally, a comparison will be made with the microstructure that is found in 
Chapter 3 to be the closest fit to the microstructure found in the solder balls tested (to be 
discussed in Section 6.3). 
 
6.3.1 Sn – 37Pb 


























Fig. 6.7 Transmitted strain from SHPB experiment with SnPb solder ball specimen with a 
deformation rate of 2.5 m/s 
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Fig. 6.8 Transmitted strain from SHPB experiment with Sn-37Pb solder ball specimen 
with a deformation rate of 5.5 m/s 
 























Fig. 6.9 Transmitted strain from SHPB experiment with Sn-37Pb solder ball specimen 
with a deformation rate of 7.5 m/s  
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Comparing Figures 6.7-6.9, simulation analysis performed using dynamic properties of 
solder clearly achieves results closer to the experimental data, as compared to simulations 
using only quasi-static properties of solder.  All material properties of the three different 
microstructures seem to have a close fit to the experimental data over all three different 
deformation rate/striker velocity.  However, among the three, simulation results using 
material property of moderately cooled bulk Sn-37Pb solder seem to consistently have 
the closest fit to the experimental results compared to the other two.   
 
6.3.2 Sn – 3.5Ag 
























Fig. 6.10 Transmitted strain from SHPB experiment with Sn-3.5Ag solder ball specimen 
with a deformation rate of 2.5 m/s 
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Fig. 6.11 Transmitted strain from SHPB experiment with Sn-3.5Ag solder ball specimen 
with a deformation rate of 5.5 m/s 
 
























Fig. 6.12 Transmitted strain from SHPB experiment with Sn-3.5Ag solder ball specimen 
with a deformation rate of 7.5 m/s 
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From the above three graphs (Figures 6.10-6.12), it is observed that there is an average 
25% under-estimation of the strength of the solder when using dynamic properties of the 
solder (using maximum transmitted strain of the solder ball as a comparison).   However, 
it still proves to be a better material definition as compared to using purely quasi-static 
properties of Sn-Ag solder.  When using quasi-static material properties of SnAg solder 
only, the numerical results only predicted 25% of the transmitted strain.  This is because 
taking purely quasi-static properties does not take into account the significant increase in 
strain hardening effect at high strain rates.  Thus, although it is not an accurate estimate 
of the response of SnAg solder, using the obtained dynamic properties of SnAg solder 
still yields closer results to the actual response of solder balls.  In this case, simulation 
using moderately cooled solder material properties also produce results that are slightly 
closer to experimental results as compared to the rest.   

























Fig. 6.13 Transmitted strain from SHPB experiment with Sn-3.8Ag-0.7Cu solder ball 
specimen with a deformation rate of 2.5 m/s 
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Fig. 6.14 Transmitted strain from SHPB experiment with Sn-3.8Ag-0.7Cu solder ball 
specimen with a deformation rate of 5.5 m/s 
 

























Fig. 6.15 Transmitted strain from SHPB experiment with Sn-3.8Ag-0.7Cu solder ball 
specimen with a deformation rate of 7.5 m/s 
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The simulation results (Figures 6.13-6.15) from using full material definition (dynamic 
and quasi-static) show a significant spread between solder cast from different cooling 
rates.  Among the three microstructures, material definition obtained from quench-cooled 
solder provides consistently the closest fit to the experimental results as compared to the 
other two.  Simulation results from using material response from slow cooled and 
moderately cooled bulk solder shows an under-estimation of the transmitted strain.  Once 
again, results from using the quasi-static material definition alone show significant under-
estimation of material strength. 
 
Finally to conclude this section, Table 6.3 summaries the conclusions from comparing 
simulation and experimental results of SHPB experiments on a single solder ball. 
 
Table 6.3 Simulation results closest to experimental response of SHPB experiment






Good Fit for 
moderately 
cooled solder 
Not So Good Fit 
Closest fit is 
moderately cooled 
solder 
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6.4 Comparisons and Prediction of Solder Ball Properties 
Table 6.4 shows a comparison between the microstructure of a solder ball before and 
after reflow, with microstructure of bulk solder cast via different cooling rates.  The 
microstructure obtained from bulk solders, which are most similar to the microstructure 
solder ball before and after reflow are listed. 
 
Table 6.4 Microstructure of bulk solder most similar to solder balls before/after reflow
Closest Matching 
Microstructure 
Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Virgin Solder Balls Moderate Cooling Quench Cooling Quench Cooling 
Solder Balls after 
Reflow 
Moderate Cooling Quench Cooling Moderate Cooling 
 
In Section 6.3, simulation results of split Hopkinson pressure bar experiments on single 
solder balls were shown.  Results of the simulation have reflected a relatively good match 
with experimental results for Sn-37Pb and Sn-3.8Ag-0.7Cu solder, but simulations of Sn-
3.5Ag solder balls shows under-estimation of material strength.  Nevertheless, the results 
are still more accurate than those using quasi-static properties of solder. 
 
A comparison of the type of bulk solder that behaves (simulation) and appears 
(microstructure) closest to virgin solder balls is given in table 6.5.  Both the 
microstructure and simulation results of bulk solders shows consistency on the type of 
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cooling rate used that best compares to the virgin solder balls except Sn-3.5Ag solder, for 
which we could not obtain simulation results that fit its SHPB response. 
 
Table 6.5 Microstructure and simulation comparison with actual virgin solder balls
 Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 
Microstructural 




Moderate Cooling Not So Good Comparison Quench Cooling 
 
Since the above comparison holds true for both solder appearance and behaviour, then a 
prediction of how solder balls after reflow will behave can be made by comparing which 
cooling rate of bulk solder produces similar microstructure.  From table 6.5, it shows that 
for solder balls after reflow, for Sn-37Pb solder, moderately cooled solder properties 
would be the best representative.  For Sn-3.8Ag-0.7Cu solder, quench cooled solder 







 7. Conclusion and Recommendations 
CHAPTER 7  CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
Three distinctly different microstructures were successfully obtained by cooling the 
commonly used tin-lead solder, Sn-37Pb, and two lead-free solder material Sn-3.5Ag and 
Sn-3.8Ag-0.7Cu solder specimens at three different cooling rates. 
 
It is confirmed that for fast cooling rates, Pb phases in Sn-37Pb solder specimens tend to 
form spheres, and at slow cooling rate, Pb phases tend to cluster into laminar layers.  For 
Sn-3.5Ag & Sn-3.8Ag-0.7Cu solder specimens, needle/plate shaped Ag3Sn intermetallics 
increase in length at slower cooling rates.  The presence of Cu and slower cooling rates 
encourage the growth of thicker Ag3Sn intermetallics 
 
The closest bulk solder microstructural match to virgin and reflowed solder balls are 
given in Table 7.1. 
 
Table 7.1 Microstructure of bulk solder most similar to solder balls before/after reflow
Closest Matching 
Microstructure 
Sn-37Pb Sn-3.5Ag Sn-3.8Ag-0.7Cu 















 7. Conclusion and Recommendations 
Quasi-static compression experiments reveal that: 
 Sn-3.5Ag and Sn-3.8Ag-0.7Cu lead-free solder specimens have a higher Young’s 
modulus than Sn-37Pb solder specimens. 
 The yield stresses of Sn-3.5Ag and Sn-3.8Ag-0.7Cu lead-free solder specimens is 
significantly more dependent on microstructure as compared to Sn-37Pb solder 
specimens.  
 The tangent modulus of Sn-37Pb solder specimens between 1%-3% strain is 
significantly more dependent on microstructure than Sn-3.5Ag and Sn-3.8Ag-0.7Cu 
lead-free solder specimens. 
 The flow stresses of lead-free SnAg and SnAgCu solder specimens increases with 
cooling rate, whereas the flow stress of SnPb solder specimens appears to decrease 
with cooling rate. 
 
In dynamic SHPB experiments: 
 Distinct differences were observed between quasi-static and dynamic properties of 
solder. 
 Slight or no trend in stress-strain curves for strain rates beyond 1000s-1 suggests the 
possibility of saturation above those rates. (With the exception of QC SnAg 
showing distinct negative strain rate sensitivity.)   
 Generally, dynamic loading of all solder specimens show higher rate of strain 
hardening and higher maximum flow stresses at faster cooling rate. 
 Negative work hardening was observed for Sn-3.8Ag-0.7Cu specimens cooled at 
fast cooling rate. 
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A comparison between quasi-static and dynamic properties of solder shows that: 
 Finite Element Simulation using both quasi-static and dynamic properties of solder 
yields much better prediction of solder ball strength as compared to simulations 
performed using purely quasi-static properties. 
 Good match were obtained between simulation and experimental results. 
 To model solder balls after reflow, dynamic and quasi-static properties of 
moderately cooled (MC) Sn-37Pb, quench cooled (QC) Sn-3.5Ag and moderately 
cooled (MC) Sn-3.8Ag-0.7Cu should be used. 
 
7.2 Recommendations 
From this study of how microstructure of solder affects its response to different loading 
conditions, the following are suggested areas of work identified to achieve a better 
understanding of these lead-free materials 
• Further research should be carried out on the behaviour of bulk solder specimens 
between strain-rates of 1 to 500 s-1, where significant change in material response 
occurs.  
• Post experiment analysis on SHPB specimens should be performed to obtain a 
better understanding of the deformation mechanism and how dynamic recovery 
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Appendix A: Solder Phase Diagram 
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Appendix B: Specimen Preparation Flow Chart 
 
 
APPENDIX B: SPECIMEN PREPARATION FLOW CHART
Placed test tube into 
isolated containment 
Slowly cooled from 




Test tube dip into oil at 
140oC for 1 minutes to 
cool to approximately 
140oC
Transfer into near boiling 
water at 90oC for 90 
seconds
Dip into water at room 




Test tube was dipped 





quenched from 250oC 
to 23oC in 2-3 seconds  
Cut flux-free solder wire into 
an evaporating dish 
Melt Solder wire over stove 
and stir using glass rod 
Pour molten solder into pre-
heated test tubes 
Continue application of heat 
to test tube to prevent 
premature solidification 
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Appendix C: Solder Microstructure 




SC (Slow Cooled) 
        
 
MC (Moderately Cooled) 
 
     
 
QC (Quench Cooled)  
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Sn-3.5Ag Solder 
 
SC (Slow Cooled) 
     
 
MC (Moderately Cooled) 
 
     
 
QC (Quench Cooled) 
 






Appendix C: Solder Microstructure 
Sn-3.8Ag-0.7Cu Solder 
 
SC (Slow Cooled) 
 
     
 
MC (Moderately Cooled) 
 
     
 
QC (Quench Cooled) 
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Solder Balls before and after reflow 
 
Sn-37Pb Solder 
      
Before Reflow After Reflow
                                    
    
 
   
 
 






Appendix C: Solder Microstructure 
Sn-3.5Ag Solder 
 
Before Reflow After Reflow
 
    
 
    
 










Appendix C: Solder Microstructure 
Sn-3.8Ag-0.7Cu Solder 
 
Before Reflow After Reflow
 
   
 
   
 








Appendix D: Experimental Equipment 
APPENDIX D: EXPERIMENTAL EQUIPMENT 
 
              
 
Fig. D2 Bulk solder specimen for 
quasi-static loading  







 Fig. D3 Miniature Split Hopkinson Pressure 
Bar with solder ball specimen                            
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Fig. D5 Solder ball specimen for quasi-
static loading experiment 
Fig. D4 Instron micro-force tester 
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